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SYNOPSIS 
 
The goal of this thesis was to evaluate high speed steel for use in the construction 
of sheep shearing combs, to determine if its use can be justified on a performance 
basis.   
 
Three different shearing comb wear modes were identified under actual operating 
conditions: 
• Impact damage resulting from the trapping of hard particles entrained in the 
fleece between the edges of the cutting elements. 
• Abrasive wear of the cutting edges of the cutting elements by hard particles 
entrained in the fleece moving over the cutting edges. 
• Three-body wear of the ground faces of the comb and cutter due to the 
ingestion of entrained fleece dirt between the comb and cutter contact faces 
during operation. 
 
Previous workers had attributed cutting failure to rounding of the cutting edges. In 
contrast to this, the levels of edge rounding observed during field trials were found 
to be insufficient alone to cause the cessation of cutting.  Non-planar changes to 
the contacting faces of the comb and cutter, due primarily to three-body wear, was 
found to be the major cause of the cessation of cutting. 
 
A laboratory wear test unit that simulates the operating conditions found in a 
shearing handpiece, but utilising test pieces of simple geometry, was designed, 
constructed and used for testing a range of potential comb and cutter materials.  
  
Of the materials tested, the combination that achieved the lowest mass loss due to 
wear was an M2 high speed steel pair, coated with TiN using the CSIRO FADS™ 
process.  The pair that yielded the lowest temperature rise during testing was that 
of a sub-zero treated, powder metallurgy high speed steel (Böhler S390™) and a 
sample taken from a commercially available shearing cutter (nominally 
DIN100Cr6). 
 
Conventional M2 high speed steel was found to offer improved wear resistance 
when used for combs compared to the current high carbon, low alloy steel. The 
presence of agglomerations of MC and M6C type primary carbides may account 
for observed tooth tip field failures of combs made from M2 high speed steel. The 
uniform, fine microstructure and demonstrated wear resistance of the powder 
metallurgy high speed steel investigated would make it a better choice for use in 
shearing comb construction.  
 1
1. INTRODUCTION 
The wool industry is a significant contributor to the Australian economy.  While the 
current Australian flock size is down from the peak of 1990, every year in Australia 
more than 140 million sheep and lambs are shorn to yield an annual clip in excess 
of $2000 million (Australian Bureau of Statistics, 2001).  Each of these animals is 
shorn with equipment that has changed little in the last 100 years with respect to 
design and materials.  Despite extensive research done in the 1970s and ‘80s 
aimed at improving sheep shearing equipment, little useful innovation has flowed 
through to end users.  With the push towards increased productivity, improvement 
to occupational health and safety and the development of semi- automatic sheep 
handling equipment, improvements in the wool harvesting process are essential  
(MacLachlan, 2001).   
 
The shearers’ tool for harvesting fleece wool is the shearing handpiece. The wool 
cutting elements mounted on the handpiece are maintained in close contact by the 
handpiece and the moving element (the cutter) is moved across the fixed element 
(the comb) via an external drive.  Typically, the cutter has four triangular-shaped 
teeth, is pressed from high carbon steel and hardened to 63HRc.  The comb 
typically is made from a high carbon, low alloy tool steel hardened to 62HRc.  It 
normally has 13 slender teeth of no more than 0.35mm width at the tip to enable it 
to freely enter between the wool fibres, adjacent to the sheep’s skin.  The comb is 
attached to the handpiece during shearing. As the shearer moves the handpiece 
through the wool, the underside of the comb rests on the animal’s skin, while the 
cutter sweeps across the upper, ground surface of the comb, severing the wool 
fibres. 
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The comb and the cutter need periodic grinding to restore the contact surfaces 
and maintain cutting action.  The interval between sharpening is usually from two 
to 10 sheep for a cutter and four to 20 sheep for a comb depending on the 
prevailing conditions.  Grinding is usually done with a purpose-built machine 
supplied either by the woolgrower or the shearer.  The ‘shearing grinder’ generally 
consists of a 0.75 kW, two-pole, AC-electric induction motor to which is fitted at 
each end a metal disc of nominally 350mm diameter. In the most usual 
arrangement, the working face of the disc is not planar, being essentially an 
obtuse cone of 179o included angle.  Aluminium oxide abrasive paper is attached 
to the working face of the disc with low strength adhesive, 36 or 40 grit being used 
for sharpening combs and 80 grit for cutters. Typically, a cutter will shear 
approximately 500 sheep and a comb 1000 before the thickness reduction that 
results from grinding renders them unusable.  Changing the cutting elements 
reduces the amount of productive time in a shearer’s day.  This is not a major 
problem for conventional shearing, but is seen as an efficiency reducer in semi- 
automated shearing.  If the cutting elements are not changed at sufficient 
frequency, the cutting action is impaired, promoting accidental cutting of the 
animal’s skin.  Ineffective cutting requires extra physical effort on the part of the 
shearer and typically causes distress to the animal due to skin burning and fibre 
plucking.  This results in the shearer having difficulty in restraining the animal in 
the correct position for shearing, increasing the risk of injury to both the animal and 
the shearer. 
 
The aim of this project was to investigate the wear of cutting elements made from 
conventional materials and hence evaluate some materials hitherto unused for this 
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application.  The scope of material evaluation included three materials under 
investigation by Lyons and Mackenzie Pty. Ltd. for use as comb construction 
materials. 
 
The specific objectives of this project were to: 
1. Survey the wear exhibited by standard combs after use. 
2. Investigate the fundamental causes of wear of combs and cutters and attempt 
to describe the observed behaviour. 
3. Investigate why a comb stops cutting. 
4. Investigate the effect of surface roughness on cutting ability and burst length 
(see below). 
5. Attempt to develop a laboratory wear test that will enable material couples to 
be evaluated in conditions that simulate as 'near as possible' the actual 
conditions found in a shearing handpiece. 
6. Asses the suitability of alternative materials for comb construction. 
 
Terminology 
 
The following terminology is used throughout: 
 
Attrition: Mass lost due to either wear (wear attrition) or grinding (grinding attrition) 
 
Burst: Interval for which a cutting element is used, expressed in units of either time 
or number of sheep shorn. 
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Ground face (of comb or cutter): The side of the cutting element that is held 
against the mating cutting element to effect cutting. 
 
Tooth number: Comb teeth are numbered sequentially from 1 to 13 with number 1 
being on the right hand side of the comb when the comb is held with the ground 
face uppermost and the teeth pointing away.   
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2. LITERATURE SURVEY
 
2.1 Wool 
 
The nature of wool 
Wool fibres are made up of long, splinter-shaped cells closely cemented together 
in the dermal follicles.  In general, they bear a resemblance to the hair of other 
mammals.  Only the hair of sheep is referred to as “wool”.   Most sheep of wool 
growing significance have wool that grows continually and does not naturally shed. 
Located just below the surface of the skin, the follicles are fed by blood and can be 
classified into two distinct types:  
(1) Primary follicles – with a closely associated sweat gland and small 
follicle muscle. 
(2) Secondary follicles – without a closely associated sweat gland. 
Both types of follicle have a wax (sebaceous) gland. 
 
The idealised wool fibre typically has an outer sheath of keratinous scales 
surrounding a bundle of keratinous fibres (See Fig. 2.1) 
 
Most commercial wool breeds of sheep are shorn at twelve-month intervals, the 
staple length varying from 40mm for old style, Superfine Merinos to 300mm for 
well fed Lincolns.  Fibre diameter varies nominally from 19 to 38μm.  A Merino 
lamb at birth may have 15 – 20 million fibres in its fleece.  At 12 months of age, 
this will have increased to 60 – 100 million.  The fibre density varies from 10,000 to 
16,000 /cm2 at birth to 5,500 to 10,000 /cm2 in an adult sheep (D’Arcy, 1972).   
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Fig. 2.1 Construction of an idealised wool fibre (after D’Arcy 1972) 
 
When first shorn from the sheep’s back, raw wool may contain less than 50% of 
clean fibre.  The balance of the weight is made up of wool wax, suint (dried sweat), 
sand, dirt and vegetable matter.  Together, wool wax and suint usually make up 20 
to 50% of the fleece weight (Maclaren & Milligan, 1981).  Although the proportion 
of wool wax, suint and dirt is quoted by a number of authors, no indication of 
concentration variation along the fibre is given.  It would seem reasonable to 
assume that while the wax (tenacious and water-resistant) concentration would be 
fairly uniform along the fibre, the suint (water-soluble) concentration may reduce 
towards the tip of the fibre and the dirt concentration increase towards the fibre tip 
due to increased contact with the surrounding environment. 
 
Little published information is available on the lubricating properties of wool wax, 
although Schey details a number of applications for wool wax as an effective 
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lubricant in the extrusion and rolling of ferrous and non-ferrous metals (Schey 
1983). 
 
Wool Severing Equipment 
Mechanised shearing is most commonly carried out with a shearing handpiece as 
shown in photograph 2.1. 
 
Photograph 2.1 Conventional shearing handpiece showing yokes (‘chickens feet’) 
and tension nut for providing the necessary contact load between comb and cutter. 
 
Rotary motion is supplied to the handpiece via an arrangement of semi-rigid 
shafting and gears to allow the shearer to manipulate the handpiece around the 
body of the sheep.  Standard drive speed for the handpiece is 3250 revolutions 
per minute.  For each revolution of the drive shaft, the cutter makes a 19mm, 
radial excursion across the surface of the comb and back.  The cutter velocity and 
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acceleration are sinusoidal in nature.  The necessary contact load between the 
comb and cutter depends largely on the quality of grinding of the comb and cutter, 
the amount of wear already sustained by the comb and cutter contact faces, the 
condition of the handpiece, the nature of the fleece and the shearer.  A normal 
contact load is around 200N with loads of up to 350N being reported for worn 
combs and cutters (Mair & Berndt, 1992).  
 
Traditionally, the materials used for comb and cutter are high carbon tool steels, 
quenched and tempered to 650 – 750 Hv (Perrot and Muller, 1981). 
 
Wear of wool severing equipment 
In an attempt to determine the reasons for the cessation of wool severance, 
several researchers have looked at the wear of shearing combs and cutters.  This 
work has taken the form of both laboratory tests and field trials (Mair & Berndt, 
1992; Jones et al, 1980; Perrot & Muller, 1980; Watkins, 1995).  Photograph 2.2 
shows rounding of the cutting edges and indentation of the comb after use. This 
damage was taken to be caused by hard material present in the fleece being 
carried into the cutting zone.  While all of the researchers indicated the hard 
material to be quartz and sometimes quartz and pyrophyllite, no indication is given 
as to how this was established.  No indication of the actual range of hard particle 
sizes is given, although Watkins assumes the particles fall within the range of 25 
to 125μm.   
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Photograph 2.2 SEM micrographs after Perrot & Muller, 1981. Top left: Edge burrs 
on a comb tooth after grinding (X500).  Bottom left: Edge burrs on comb tooth after 
operation for 65 seconds (X500). Top right: Damage to the cutting edge of a comb 
tooth after shearing five sheep (X5000).  Bottom right: Abrasive wear of contact 
face of comb tooth after shearing five sheep (X5000). 
 
 
Watkins identified non-planar wear at the edges of the comb teeth (Fig. 2.2), on 
the ground face.  Despite this finding, he asserts that the cessation of cutting must 
come about due to the rounding of the cutting edges. Perrot & Muller, Jones et al 
also propose theoretical models for the cessation of cutting related to the rounding 
of the cutting edges.  No experimental work is reported by any of the researchers 
to validate these models.  Perrot & Muller indicate that the cessation of cutting 
may be due to a combination of mechanical deflection of comb and cutter teeth 
and rounding of the cutting edges. 
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Fig. 2.2 Measured surface profile of worn comb tooth. (after Watson, 1995) 
 
Work done by Alastair Mackenzie of Lyons and Mackenzie Pty. Ltd., and 
independently by Professor Ross Miller of the University of Adelaide, indicated that 
M2 high speed steel lasted longer between sharpening than the standard high 
carbon steel used for shearing combs.   Miller’s work resulted in the patenting of 
the use of M2 high speed steel in shearing combs (Australian Wool Research and 
Promotion Organisation 1997). 
 
Preliminary work done by Lyons and Mackenzie in 1994 showed that some M2 
comb teeth occasionally break about 1.5mm from the tip during use.  Because of 
this, a procedure was developed to soften the tips of M2 high speed steel combs 
in an attempt to reduce the incidence of field failure.  The procedure involves 
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immersing the tips of the comb teeth to a depth of 4 to 5mm in a neutral salt bath 
at 760 to 770 oC for a period of 20 seconds.   This results in a hardness at the tip 
of the comb tooth of approximately 54HRc, with a gradual transition to the as heat-
treated hardness of the comb outside this region. (Mackenzie 1994, Lyons and 
Mackenzie Pty. Ltd. 1998). 
 
2.2 Wear 
The mechanics of wear 
Bowden and Tabor (1950) demonstrated that unlubricated friction between 
metallic surfaces could be explained by the localised welding of contacting 
asperities.  When sliding takes place, work is required to shear these welded 
junctions and plough the surfaces at points of contact.  They concluded that the 
temperatures generated by friction during sliding were sufficient to cause localised 
surface melting and that for some materials a direct correlation exists between 
softening or melting temperature and wear resistance. Their work also 
demonstrated that frictional effects are not just confined to the surface, but cause 
distortion and deformation to a great depth. 
 
They proposed four different wear scenarios.  If the metallic junction formed at the 
points of contact is weaker than the base metals, then shearing will occur at the 
actual interface where the junction is formed.  The example of a tin base alloy 
sliding on steel is given where the coefficient of friction is μ=0.7, but the amount of 
tin base alloy smeared on to the steel is very slight, even after extensive rubbing.   
They concluded that this type of junction is usually formed in the presence of 
strong surface films such as oxides, sulphides or chlorides.   
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If the junction is stronger than one of the metals, shearing may occur in the bulk of 
the weaker material, leaving fragments adhering to the harder metal.  Under these 
conditions, the rate of wear may be high, even though the coefficient of friction is 
initially similar to that in cases where little wear occurs.  The example of a lead 
base alloy sliding on steel is given. As a layer of the softer metal builds up on the 
harder surface, a state is achieved where the sliding is characteristic of similar 
metals with a corresponding increase in friction and the rate of wear.   
 
If the junction is stronger than both the metals, shearing will generally occur in the 
bulk of the weaker metal, but will also occasionally occur in the stronger metal.  
This will result in a significant removal of the softer metal, as well as a small but 
finite removal of the harder metal during sliding.  The example of copper sliding on 
steel of 600Hv is given, where portions of the hard steel surface have been 
plucked away after only a relatively short sliding distance.   
 
In the final scenario, Bowden and Tabor consider the behaviour of similar metals.  
The junctions formed through the process of deformation and welding normally 
being harder than either of the metals, resulting in particles being torn from both 
surfaces.  Because of these mechanisms, Bowden and Tabor concluded that a 
direct relationship between friction and wear would not be found (Bowden & Tabor, 
1950). 
 
The main premise of Bowden and Tabor is one of plastic deformation and 
adhesion of contacting asperities.  Archard proposed that while the initial contact 
may be plastic, this initial contact may not necessarily result in removal of metal 
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from the surface.  Archard then proposes that subsequent contact between these 
asperities is elastic.  Archard concludes that this fits the observed pattern of the 
vast majority of asperity contacts in engineering applications not resulting in wear 
or damage (Archard, 1980). 
 
Burwell and Strang proposed four principal wear mechanisms: abrasion, adhesion, 
corrosion and fatigue (Lancaster, 1990).  The abrasion wear theory assumes that 
each abrading element is so sharp as to indent the opposing surface. The 
assumption implicit in this theory is that material corresponding to the area of the 
indentor projected in the direction of motion is removed, leaving a groove.  In 
practice, this only occurs occasionally.  Tests with simple indentors show that 
material is often ploughed and not removed, leaving the displaced material piled 
up on the sides of the furrow.  Mulhearn and Samuels studied the removal of metal 
by abrasion and concluded that with abrasive papers, only about 10% of the 
abrasive grains have an attack or rake angle favouring cutting.  The rest of the grit, 
it is suggested, ploughs without material removal (Vingsbo 1979, Mulhearn & 
Samuels 1962, Archard 1980, Lancaster 1990). 
 
The fatigue wear theory deals with fatigue-related wear at two levels: macroscopic 
and microscopic.  The macroscopic form is said to be evident in non-conforming 
machine elements in the form of rolling or contact fatigue, the microscopic form 
with individual asperity contacts.   Archard proposes that fatigue wear occurs as a 
result of Hertzian stresses normal to the contact surface, while Suh takes into 
account the forces both tangential and normal to the contact surfaces in the 
delamination theory of wear (Suh 1977, Archard 1980,). 
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Corrosive wear theory takes into account the surface films found on most metals 
because of contact with the surrounding environment, the most common of these 
films being oxide in nature.  Typically, the oxide film is brittle and low in strength, 
rendering it susceptible to damage.  As the film is progressively removed due to 
abrasion, adhesion or fatigue, the substrate may regenerate, allowing the process 
to continue.  Vingsbo states that the continual removal and regeneration of the 
corrosion layer greatly enhances the wear rate (Vingsbo 1979, Archard 1980). 
 
Yang and Winer proposed a thermomechanical wear model. Their model takes 
into account the thermal stress field and the change in mechanical properties 
associated with localised heating as a result of friction-generated heat from 
moving asperity contact  (Yang & Winer 1991, Yang, Cowan & Winer 1993). 
 
A number of researchers mention in passing the presence of “third-bodies”, 
generated either as a result of the wearing process or supplied to the contact zone 
from outside.  Burwell states that three-body wear is probably responsible for the 
largest amount of wear encountered in industrial equipment (Burwell 1957).  
Sasada, Oike and Emori investigated the effect of third-body particle size on wear 
rate for a range of materials and found that for their experimental conditions, wear 
rate gradually decreased for particle sizes down to 5 to 10μm.  Below this size, a 
rapid rise in wear rate occurred (Sasada, Oike & Emori 1984).  Lancaster states 
the significance of third-body interaction in wear processes and details the 
difficulties associated with understanding the role played by third-bodies 
(Lancaster 1990). 
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2.3 Means of increasing wear resistance
Hardness & microstructure 
The “Archard Law” provides a relationship between indentation hardness (H), 
sliding distance (L), normal load (W), worn volume (V) and the dimensionless 
Archard constant (K). 
    
H
WK
L
V =
Based on this relationship, Archard states that a high value of hardness is useful in 
reducing wear.  This was confirmed by experimental work carried out by 
Hokkirigawa and Kato for a number of ferrous and non-ferrous materials.  Sim et 
al, however, found that hardness is not necessarily the main determinant of wear 
resistance, reporting that in dry abrasion tests AISI 15B37H steel at 21HRc 
exhibited greater wear resistance than the same material at 41HRc.  They 
attributed this finding to thermal softening in the contact zone of the harder 
material (Archard 1980, Sim, Iqbal, Wang & Tandon 1995). 
 
Park et al found that for high speed steel rolls, wear resistance was related to bulk 
hardness, carbide type, carbide morphology, carbide volume fraction, carbide 
distribution and the volume of fine carbide matrix precipitates. They concluded that 
high wear resistance was best conferred through increasing the proportion of MC 
type carbides by increased Vanadium content.   A similar result was obtained by 
Bergman et al, who found that in two and three-body abrasion tests of powder 
metallurgy high speed steels with SiO2, a positive correlation existed between 
increasing primary, MC carbide volume fraction and wear resistance.  Hoyle gives 
typical hardness values for MC, and M6C carbides as 3000 and 1500 HV0.02 
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respectively (Bergman, Hedenqvist & Hogmark 1997, Park, Choon & Sunghak 
1999, Hoyle 1988). 
 
Jeglitsch et al concluded that powder metallurgy high speed steels have similar 
wear properties to conventional high speed steels of the same composition.  They 
comment that fabrication using the powder metallurgy route allows production of 
more highly alloyed and wear-resistant steels, without problems such as 
segregation and banding which are detrimental to the mechanical properties of 
similar composition, conventional high speed steels.  Hoyle states that powder 
metallurgy high speed steels may have lower fracture toughness than 
conventional high speed steels of the same composition due to a reduced inter-
carbide particle distance in the matrix limiting the plastic zone ahead of a 
propagating crack.  Hoyle concludes, “above 60HRc, fracture toughness is purely 
a matrix property”.   In so doing, Hoyle appears to overlook the influence that 
primary carbide morphology may have on the bulk properties of conventional high 
speed steels (Jeglitsch et al 1996, Hoyle 1988). 
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Surface treatments 
Wear-resistant surface treatments are stated as falling into three main categories: 
• Soft coatings – Provide protection by preventing adhesion between the 
substrates.  Shear occurs in the coating, reducing friction and 
eliminating substrate asperity contact.  Examples include coatings of 
MoS2, graphite and polymers. 
• Surface treatments – Modify the surface to either make it harder or to 
provide a more wear-resistant alloy at the surface.   Examples include 
nitriding, carburising and boronising. 
• Hard surface replacement coatings – Such coatings do not modify the 
original surface, but replace it with another that is more wear-resistant.  
Examples include weld-deposited metallic coatings, flame arc or plasma 
sprayed ceramic and metallic coatings, PVD and CVD applied coatings, 
electro-deposited and electroless deposited coatings (Gabel & Donovan 
1980). 
 
Smith & Hindle investigated the surface coatings outlined in table 2.1 when applied 
to combs and cutters.  For all of the applied coatings, regrinding was necessary 
prior to testing.  This resulted in the applied coating being removed from the 
comb/cutter contact faces, leaving the coating on the non-contacting faces only. 
The case-hardened samples required regrinding after heat treatment.  The surface 
hardness after regrinding was substantially lower than the unground surface with 
values of 719 to 791Hv prior to grinding reported, compared with 449 to 651Hv 
after grinding. Hardness test indentation load was not indicated. Standard combs 
and cutters were used during the trial as a control. The coated combs and cutters 
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did not offer any advantage over the controls in terms of numbers of sheep shorn. 
Refer table 2.1 (Smith & Hindle 1979). 
 
Table 2.1 Shearing comb and cutter coating types investigated by Smith and 
Hindle. 
Coating Description Specification/Process Cutter/Comb Sheep shorn 
Kanigen plated 
Electroless nickel coating, 20μm 
thick, heat-treated.  
Cutter 
Comb 
7 
7 
Ni / diamond coating 
Composite plating, 50μm thick, 
heat-treated. 
Cutter 11 
Boron electroless nickel 
coating 
12.5μm thick heat-treated. Comb 
Cutter 
7 
7 
Ni / SiC coating 
Composite plating, 50μm thick, 
heat-treated. 
Cutter 8 
Tungsten carbide Flame-sprayed Cutter 8 
Pack carburised mild steel 
Hardened, quenched and 
tempered.  Carburised 
throughout 
Cutter 9 
Gas carburised mild steel 
Hardened, quenched and 
tempered.  Carburised 
throughout 
Cutter 2 3/4
Cyanide-hardened mild 
steel 
Water-quenched, case depth 
0.4-0.6mm 
Cutter 2 1/4
Control 
Standard, commercially 
available items. 
 
Comb 
Cutter 
20 
10-11 
 
 
Mair & Berndt investigated the change in wear resistance of shearing combs and 
cutters conferred by nitrogen ion implantation, WC HVOF (high velocity oxygen 
fuel) and FARE (fuel-air repetitive explosion) coatings and TiN reactive sputtered 
coating.  They were unable to test the nitrogen ion implanted combs due to 
distortion that took place during implantation.  The WC coatings were not field-
tested because of thermal distortion that took place during the coating process.  
An increase in wear resistance was reported for the TiN coated comb as well as 
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an observed increase in the wear rate of the cutters used in conjunction with this 
comb (Mair & Berndt 1992). 
 
Watkins proposed to apply nitrogen ion implantation to the rake faces of shearing 
combs to increase wear resistance, but was unable to do so due to equipment 
difficulties (Watkins 1995).  Miller and Watkins applied WC-Co coating to shearing 
combs using Union Carbide’s D-Gun process.  They recorded an increase in wear 
resistance compared to standard combs, but reported failure of the coating in field 
and laboratory tests due to fatigue (Miller & Watkins 1995). 
 
Sub-zero thermal treatment 
Thompson and Brown investigated the effect of sub-zero thermal treatment on a 
range of ferrous alloys.  They concluded that for quenched and tempered W1 tool 
steel, cryogenic treatment increased the wear resistance as measured by a dry 
abrasion test. Three of the materials investigated were tested in the “as supplied 
condition”; AISI 1020, a proprietary 0.23% C 0.26% Si steel and a 0.8%C steel.  
They stated the reason for carrying out cryogenic treatment was to cause 
transformation of retained austenite. It is unclear why they chose these three 
materials, as they would be unlikely to contain any austenite. They observed a 
hardness increase for 4%Ni Nihard iron and 28% Cr white iron, but concluded that 
there was no correlation between hardness increase and abrasion resistance.  For 
the proprietary 0.23% C, 0.26% Si steel and the 28%Cr white iron a reduction in 
wear resistance was reported after treatment (Thompson & Brown 1992).  
 
Collins & Dormer concluded that cryogenic treatment increased the wet slurry 
abrasive wear resistance of AISI D2 tool steel.  They concluded that time at 
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minimum temperature was important, recommending a minimum holding time at 
temperature of 24 hours (Collins & Dormer, 1997).  
 
Dong et al investigated the effect on hardness, strength and impact properties that 
deep cryogenic treatment had on AISI T1 and M2 high speed steels.  They 
concluded that the low temperature treatment caused the transformation of 
retained austenite to martensite.  They also concluded that, at cryogenic 
temperatures, there was some partial decomposition of martensite.  On heating to 
room temperature, the decomposition product carbon atoms segregate on twin 
crystal surfaces and other defects, forming fine (2.6 – 6 nm diameter) carbides.   
An increase in red hardness and bend strength was attributed to the low 
temperature treatment.  No evaluation was made of wear resistance after 
treatment  (Dong, Xiaoping & Hongshen 1998). 
 
 
2.4 SUMMARY
The literature reviewed highlighted the difficulty of obtaining wear data that was 
universal in its application.  In the laboratory wear tests reviewed, the outcome 
was sometimes unpredictable and not easily explained with the standard wear 
models.  The nature of wear in most “real life” situations requires that the 
processes involved be explained by interpretation of the observed results, after the 
event.  None of the work reviewed used methods which would enable direct, real 
time observation of the contact interface of contacting metallic objects in relative 
motion, at a microscopic level.  
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Previous field wear testing of shearing combs and cutters was variable, with the 
outcome at the mercy of factors beyond control of the researchers.  The shearing 
process being subject to a range of variables - biological, climatic, geographic, 
mechanical and human - with the results often being judged subjectively by those 
involved or observing. The benefit of a standardised wear test for shearing combs 
and cutters has not been explored.  In many ways, the literature raises more 
questions than it answers. 
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3. EXPERIMENTAL PROCEDURE
 
3.1 Preliminary field work 
 
Edge rounding measurement 
As none of the literature quoted typical ranges of shearing comb tooth edge wear, 
a used comb was sectioned to enable measurement of the shape and degree of 
edge rounding which occurs in practice.  The comb was a Sunbeam brand 
“Merino”, which had been used for crutching and was considered by the shearer to 
be almost at the point of cessation of cutting.  Sections were taken from three 
teeth, mounted, polished and photographed through an optical microscope to 
enable measurement of the edge profile. Samples were examined in the un-
etched condition to provide good contrast between the sample and mounting 
material. To enable scaling from the photographs, the width of view was measured 
with a glass graticule. Refer photographs 3.1 and 3.2.  
 
Photograph 3.1 Micrograph of sectioned comb tooth showing edge rounding with 
an approximate radius of 15μm. Edge rounding occurred as a result of wear.  
Section taken 8.5mm from tip of tooth number 4.   
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Photograph 3.2 Micrograph of sectioned comb tooth showing edge rounding with 
an approximate radius of 4μm.  Section taken 9mm from tip of tooth number 6.   
 
 
For the purposes of making field measurements of edge rounding due to wear of 
comb and cutter teeth, a stereo binocular microscope was equipped with a device 
for holding a microscope cover slip interposed between the objective lens and the 
edge being examined.  See photograph 3.3. The comb or cutter is placed flat on 
the microscope stage, the cover slip positioned so as to cover half the field of 
view.  By rotating the cover slip about an axis perpendicular to the viewing 
direction and parallel to the edge of the tooth, one half of the observed image 
appears to translate sideways.  The small light positioned above the comb tooth 
causes the polished, worn edge of the comb or cutter tooth to appear as a white 
line of finite width.  To effect a measurement of the amount of edge rounding, the 
cover slip is rotated through sufficient angle to cause the image to be displaced 
the width of the white line.   
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Photograph 3.3 Binocular microscope fitted with tilting glass and movable light 
source being used for measuring edge rounding on a used comb during field trials 
at Mooramong, near Skipton, Victoria. 
 
 
By measuring the angle of tilt of the cover slip and knowing its thickness, the 
image displacement distance d as shown in fig. 3.1 can be calculated as follows: 
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Fig. 3.1 The relationship between incident and refracted light passing through the 
glass cover slip and the displacement “d” of the light ray. 
 
 
Taking the refractive index of glass to be n=1.55 (Ohanian 1985) 
 
r
in
sin
sin= (Eqn. 3.1) 
 
 
Transposing equation 3.1 gives: 
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And from fig. 3.1:   
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 Substituting for r and t”  
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The thickness of the microscope cover slip used throughout the work was 
0.165mm.  The accuracy of measurement was verified by checking the radius of a 
wire of 130μm diameter and glass fibre, 10μm diameter.  The diameter of the wire 
and glass fibre was confirmed using a Reichert inverted stage microscope fitted 
with micrometer stage and eyepiece graticule.  Measurements of the edge radius 
of the comb teeth used for sectioning and mounting for photographs 3.1 and 3.2 
were made.  In all cases, the radii measured with the tilting glass correlated to the 
actual values within 10%.  As the radii observed on comb teeth is not uniform 
along the length of the tooth, and as the technique was intended to provide an 
indication of radius size rather than an absolute measurement, this degree of 
accuracy was considered sufficient. 
 
Field evaluation of surface finish requirement and edge rounding evaluation
Over a two-day period at Mooramong near Skipton, Victoria, combs sharpened 
using three different types of grinding technique were trialed and a number of 
measurements of the extent of comb and cutter tooth edge rounding made.  Trials 
were conducted during routine shearing and involved professional shearers 
working for Heather Contracting.  The purpose of the trial was to determine if the 
sharpening method caused a significant difference in the burst length (ie. the time 
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between necessary sharpening) of a shearing comb, and to determine the amount 
of edge wear found on combs and cutters under normal operating conditions.  The 
information on comparative performance of various levels of surface finish was 
also to be used in determining the level of surface finish required for a laboratory 
wear test. 
 
Combs were prepared using one of the following grinding techniques: 
 
• “Industry standard” grind on a new, 40 grit aluminium oxide shearing grinder 
paper: Sunbeam brand, Long Lasting type, fitted to a standard Lister brand, 
cast iron grinding disc. 
 
• Lapping using a rotating, flat copper disc loaded with 500 mesh aluminium 
oxide grit and lubricated with occasional water spray to provide a very fine finish 
with good control over the surface flatness. 
 
• Surface-ground using a 46 grit, vitrified bond, aluminium oxide grinding wheel 
fitted to a toolroom-type, surface grinding machine to provide a simple to repeat, 
fine surface finish with good control over flatness. 
 
Surface roughness was checked using a Mitutoyo stylus-type surface roughness 
gauge. 
 
A standard Sunbeam shearing handpiece known to be in good order was used for 
all surface finish tests. 
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Three “commercially identical” Botany Bay Longreach combs and 10 Botany Bay 
Maxi-Cut cutters were prepared for the surface finish tests. 
 
All cutters were ground with an 80 grit aluminium oxide shearing grinder paper 
Sunbeam brand, Long Lasting type, fitted to a standard Lister brand, cast iron 
grinding disc.  
 
The comb and cutter were fitted to the handpiece and used until the cutter was 
deemed by the shearer to have stopped cutting.  At this point, another cutter was 
fitted and usage continued.   When the shearer considered the comb had stopped 
cutting, the handpiece was handed back for evaluation.  At the start of the test and 
before removing the comb and cutter from the handpiece, the cutting pair were 
checked with a 38μm feeler gauge to determine if the tips of the cutter had worn 
sufficiently to allow the feeler gauge to enter between the comb and cutter at the 
“heel” (the rear-most portion) of the cutter. 
 
After removing the comb, the edge rounding within 1.5mm of the outermost path of 
the cutter was measured using the stereo binocular microscope shown in 
photograph 3.3.  
 
The second day at Mooramong was spent measuring the edge radius of every 
second comb tooth and every cutter tooth of the test shearer’s comb at the end of 
each run (for our test shearer, a run consisted of 25 sheep).  Before removal from 
the handpiece on six occasions, the comb and cutter were checked with a feeler 
gauge to determine the approximate gap under the heel of the cutter. This 
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procedure, except for the feeler gauge measurement, was repeated over a four-
day period at Hillside, near Ararat, Victoria. 
 
Preliminary materials comparison – Roxby trial 
For the sake of clarity, the following nomenclature is used throughout to identify 
the materials tested (for specific material data refer to Appendix 9.2). 
O1  High carbon, low alloy tool steel conforming to AISI O1. 
 
S390 Bohler proprietary powder metallurgy high speed steel. 
 
K190 Bohler proprietary powder metallurgy steel similar to DIN 1.2380 
X220CrVMo13 4. 
 
D2 12% Cr tool steel conforming to AISI D2  (Bohler SC25). 
 
M2 57 6 5 2 type high speed steel to AISI M2 (Bohler S600), hardened and 
triple tempered to 57HRc. 
 
M2 60 6 5 2 type high speed steel to AISI M2 (Bohler S600), hardened and 
triple tempered to 60HRc. 
 
M2 63 6 5 2 type high speed steel to AISI M2 (Bohler S600), hardened and 
triple tempered to 63HRc. 
 
M2 65 6 5 2 type high speed steel to AISI M2 (Bohler S600), hardened and 
triple tempered to 65HRc. 
 
Stellite 100 Deloro proprietary, cast, cobalt-based Cr/W/C alloy. 
 
TiN Titanium nitride applied using CSIRO FADS™ (filtered arc 
deposition), PVD process. 
 
H13 Hot work tool steel to AISI H13 (eg. Bohler W302)  
 
Calmax Assab proprietary Cr/Mo/V cold work tool steel. 
 
SCM  Standard cutter material, similar to DIN 1.2067 100 Cr 6. 
CI  Quenched and tempered Ni/Cr/Mo cast iron.   
 
CT Suffix applied to material designation indicating material subject to 
post-heat treatment sub-zero thermal treatment (eg. O1 CT, etc.). 
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On the basis of previous work, Lyons and Mackenzie Pty. Ltd chose the range of 
materials in table 3.1 for the manufacture of a small quantity of shearing combs.  
Two levels of hardness were chosen for the M2-type combs, to investigate the 
relative performance of this type of steel at a “normal” working hardness of 63HRc 
and a reduced hardness of 57HRc. The tips of the M2 high speed steel combs 
were softened as per the procedure described in Australian Patent Application 
PP5457, 1998 (Lyons & Mackenzie Pty. Ltd. 1998). 
 
The combs manufactured from the materials listed in table 3.1 were used in a four-
day trial conducted at Roxby Park, near Inverleigh, Victoria.  Standard Botany Bay 
Longreach combs were to be the control combs and Botany Bay Maxi-Cut cutters 
the standard cutter. The 36 standard, 1% carbon steel, Maxi-Cut cutters were 
tested for hardness, numbered from 1 to 36 and ground flat to approximately 
3.5mm thickness. 
 
Sixteen combs were ground flat and randomly numbered.  Identification marks 
were removed as far as possible to make the trial blind. 
 
Table 3.1 Comb numbers and material types  
Comb 
numbers Material type 
Source of 
manufacture 
Nominal 
Hardness 
(HRc) 
1, 4, 9 H13 Lyons and Mackenzie 56 
5, 6, 18 Calmax Lyons and Mackenzie 58 
2, 3, 63 M2 63 Lyons and Mackenzie 63 
11, 27 ,15 M2 57 Lyons and Mackenzie 57 
10, 12, 13, 
62 
1% plain carbon tool steel 
(Longreach brand comb) 
Botany Bay 
Imports & Exports 62 
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During this trial, it was planned to: 
• Use three or four shearers. 
• Provide shearers with duplicate handpieces. 
• Brief the shearers and allow a practice run of a few hours to establish 
confidence. 
• Issue weighed combs and cutters using random numbers. 
• Record the comb temperature at the end of each sheep shorn on the topside of 
the comb. 
• Shearer to change handpiece and tester to examine used comb “in situ” and 
conduct a “plunge” test – on a full-woolled sheep skin, winding the handpiece 
over by hand to determine where the comb and cutter had actually stopped 
cutting - before removing from handpiece. 
• Record the number of sheep shorn at each change of comb and cutter. 
• Re-weigh combs and cutters before and after re-sharpening. 
• Determine the extent of comb surface wear caused by the cutter and tooth edge 
rounding. 
Shearers were briefed on the planned conduct of the trial several days before 
commencing.  At this time, the spare handpieces were presented to the shearers 
for evaluation and approved by them for use. 
 
The trial commenced with three shearers present. Shearing was initially of 570 
Merino ewes with two shearers using our spare handpieces in addition to their 
own. After a short period of use, both shearers rejected the spare handpieces and 
reverted to their own equipment. A new Heiniger handpiece was purchased to 
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provide an acceptable spare handpiece.  A fourth shearer was included in the trial 
from mid-afternoon of the first day. 
 
Partway through the first day, two of the shearers rejected the Maxi-Cut cutters, 
claiming that the ewes were difficult to shear and that their own cutters performed 
better.  Because of this, 44 cutters belonging to the shearers (22 each) were 
selected, numbered and weighed.  These were retrieved after each use and 
weighed before and after grinding. These cutters were used during the rest of the 
first and all of the second day.  During the first, second and some of the third day 
of the trial, the other two shearers continued using the Maxi-Cut cutters supplied. 
 
On the second day of the trial, after finishing the balance of the 570 Merino ewes, 
300 lambs were shorn followed by a small flock of 50 Merino wethers. The third 
day of the trial saw 156 uncrutched Merino ewes shorn, followed by 36 previously 
crutched ewes.  At mid-afternoon on the third day, shearing was changed to 
Merino wethers.  By the end of the fourth day, a total of 321 wethers had been 
shorn.  These sheep were very “gritty” resulting in relatively short comb life when 
anything but the M2 combs were used.  The shearers by this stage had 
remembered the numbers of the combs that performed well and, as a result, were 
not willing to use any of the combs (including the controls) other than those made 
from M2-type high speed steel.  
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Table 3.2 Summary of sheep shorn during trial. 
Location Sheep type Number shorn 
Roxby South Merino ewes 570 
Roxby South Merino lambs 300 
Roxby South Merino wethers 50 
Roxby North Merino ewes (uncrutched) 156 
Roxby North Merino ewes 36 
Roxby North Merino wethers 321 
 
Throughout the trials, all the test combs and cutters were ground by Russell 
Jackson, of Lyons and Mackenzie, using a grinder equipped with standard profile 
grinding discs and Sunbeam Long Lasting abrasive paper. 40 grit being used for 
combs and 80 grit used for cutters.  A “controlled force” pendulum (set to 13N) 
was used for the comb grinding.  Before commencing the trial and after use, 
combs and cutters were scrubbed with a bristle brush in a warm detergent 
solution, then weighed and ground. Following grinding, they were again scrubbed, 
re-weighed and checked for flatness against a ground glass surface plate.  All 
weighing was done with an electronic, top-loading balance resolving to 1mg. 
 
At midday on the first day, it was found that most of the Lyons and Mackenzie 
combs and cutters were not being ground to restore a “sharp edge” to all of the 
teeth.  Following this, the binocular microscope shown in photograph 3.3 was used 
to check all re-sharpened combs and cutters to ensure they had been ground to 
remove all traces of edge wear. The shearers used the equipment present in the 
shearing shed to grind their own cutters.   
 
When possible, at the completion of shearing of each sheep, the comb 
temperature was measured using a fast response, foil, K-type contact 
thermocouple connected to a hand-held digital pyrometer with peak hold facility.  
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The measuring position was typically at the root of the centre teeth, on the ground- 
side of the comb.  By mid-morning on the fourth day, the tip of the thermocouple 
was damaged, making further temperature measuring impossible.  
 
After use, combs were checked to determine the step height from the unworn 
section at the end of the comb teeth to the wear patch caused by the cutter.  This 
measurement was made using a dial indicator gauge of 1μm resolution mounted 
on a substantial steel mounting, while the comb, mounted on an adjustable 
levelling platform, was passed under the indicator.  The indicator was fitted with a 
ball-ended tip of 1.5mm diameter.  The reference surface was a piece of 20mm 
thick plate glass, lapped flat (photograph 3.4).  Measurements were taken at comb 
teeth T2, T4, T6, T8, T10 and T12.  Some of the worn combs and cutters were 
later examined using a SEM with particular attention being paid to the regions of 
heaviest wear. 
 
Photograph 3.4  Set-up used for measuring the size of the step between the worn 
and unworn sections of individual comb teeth on the ground surface of the comb. 
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3.2 Wool dirt analysis 
Preliminary to the development of a laboratory-based wear test, it was necessary 
to obtain information about the particle size distribution and main particle species 
typically comprising the dirt found on wool. A sample of approximately 100 litres of 
scour effluent was taken from the Australian Wool Testing Authority’s scour line at 
Kensington, Melbourne.  The effluent was collected directly from the scour bowls 
as the first wash water was dumped to drain.  The wool types being scoured and 
their point of origin was not indicated.  The volume of effluent collected 
represented approximately 40 separate wool samples.  D’Arcy gives typical 
variables for the first wash of the scouring process as: 
 Maximum concentration of detergent  2g/l 
 Maximum wash temperature   80oC 
 Minimum liquor to wool ratio   80:1 
 Maximum immersion time    5 mins 
(D’Arcy 1979) 
 
 
Forty litres of the total sample was evaporated at 98oC to remove water.  Wool 
grease was removed via soxhlet extraction using petroleum ether.  The filtrate was 
held on 0.2um filter paper suspended in a soxhlet thimble. 
 
After extraction of the soluble material, a sample was prepared for scanning 
electron microscopy by pressing on to double-sided, conducting, adhesive tape 
and then gold coating. This sample was subsequently analysed using Energy 
Dispersive Spectrometry (EDS).  Refer fig. 3.2. 
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Fig. 3.2 Results of EDS analysis of dirt recovered from wool scour liquor.  Gold 
peaks are from coating applied to sample. 
 
A second sample was pressed without further comminution and analysed via X-ray 
diffraction.  Although EDS revealed the presence of 10 elements, X-ray diffraction 
indicated the major particle species to be quartz, with potassium chloride also 
present.  
 
Fig. 3.3 Results of X-Ray diffraction analysis of dirt taken from wool scour liquor.  
Top trace indicates recorded intensity of diffracted radiation at various 2θ 
(diffraction) angles, centre and bottom traces the expected intensities for quartz 
and potassium chloride. (Patterns generated using PSI Incorporated “Micro 
Powder Diffraction Search” software) 
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Laser particle sizing was carried out on a third sample of wool dirt to indicate the 
range of particle sizes present. Two samples of commercially available silica 
powder were also subject to laser particle sizing to find a synthetic contaminant 
that compared with the extracted wool dirt, for use in the laboratory-based wear 
test.  Refer to Appendix 9.1 for results.  The sample of commercially available 
silica that matched the wool dirt sample closest in terms of particle size distribution 
was #300 silica from Commercial Mineral’s “Steetley Quartz Quarry”. 
 
3.3 Effect of comb tooth edge rounding and ground face camber 
 
None of the previous workers had been able to clearly identify the reasons for 
cessation of cutting during shearing, although most had assumed it was related to 
“blunting“ of the cutting edges (see section 2.1).  Observations made during field 
trials (tables 4.2 to 4.6) showed that at the cessation of cutting there was a large 
range of tooth edge rounding, indicating that there was no specific limiting value at 
which cutting consistently ceased.  To investigate the relative effects of tooth edge 
rounding and ground surface cambering as observed during the field trials, a strain 
gauge instrumented tension pin was fitted to a handpiece that was in known good 
working order.  After fitting a comb and cutter that had been lapped flat and 
checked against a ground glass surface plate, a nominal load was applied to the 
cutter when in mid-stroke and the strain gauge amplifier output checked and 
noted.  The output was then checked when the cutter was at each end of its travel 
and at intermediate positions to ensure that the comb bed was perpendicular to 
the axis of movement of the cutter.   
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The handpiece was inverted and held in a vice.  Weights equivalent to 10N and 
40N load were placed on the yokes (photograph 2.2) with the load perpendicular 
to the under-surface of the yokes and the readings noted.  
 
Laboratory wool cutting trial – Effect of edge rounding
Initially, a standard ground comb and cutter (Lister Magnum and Botany Bay Maxi-
Cut) were fitted to the handpiece after checking for flatness with a ground glass 
surface plate and ink. A fully woolled, Merino sheep skin was cut into strips 
approximately 7mm wide.  One comb gullet at a time was filled with wool from a 
strip and the handpiece manually wound to check cutting ability at each tooth.  The 
tension pin load necessary to effect cutting varied between gullets from 38 to 56N.  
To provide a more consistent result, the comb and cutter were removed and 
lapped using fine alumina powder on a flat, rotating copper lap.  After lapping, the 
contact load necessary for cutting was rechecked and found to be consistently 9N. 
 
Uniform radii were applied with a diamond file to one edge of teeth T2, T3, T11, 
and T12, with each tooth having a different radius.  Radii were measured using the 
stereo binocular microscope described in section 3.1.  Minimum tension pin load 
required for cutting was recorded for each of the rounded edges.  Each test was 
conducted three times to check for consistency.  Comb teeth T2, T11 and T12 
were retested after increasing the size of the edge radius.  
 
Laboratory wool cutting trial – effect of ground face cambering
The comb used for checking the effect of tooth edge rounding was removed from 
the handpiece.  A flat, diamond file was used to apply a low angle bevel to one 
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sharp edge of teeth T11, T10, T9, T5 and T4.  The amount of camber “h” (fig. 3.4) 
was measured using the unit shown in photograph 3.4 except that the ball-ended 
stylus was replaced with a steel gramophone needle. 
'h
'
 
Fig. 3.4 Ground face cambering detail. 
 
After measuring the amount of camber applied, the comb was fitted to shearing 
handpiece.  One comb gullet at a time was filled with wool from a 7mm wide strip 
of fully woolled Merino skin, and the handpiece manually wound to check cutting 
ability at each tooth.  The contact force required for cutting was measured three 
times for each modified tooth.  
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3.4 Laboratory wear testing 
 
Development of test 
To eliminate the biological, climatic, geographic, mechanical and human variables 
usually found in field testing of shearing combs and cutters and to avoid the time- 
consuming and costly process of generating the precise and complex geometries 
associated with combs and cutters, a laboratory wear test was devised.  A 
machine for rubbing materials together under similar conditions to those found in a 
shearing handpiece was designed and built.  Refer photographs 3.5 and 3.6. 
 
Photograph 3.5 Wear testing unit set-up with grit dispenser and data logger for 
recording temperatures. 
 
The unit consisted of an inverter-drive controlled, 0.75 kW electric induction motor 
direct-coupled to a lay shaft supported by two self-aligning bearings.  To the end of 
the lay shaft was fitted a crank with throw that could be varied from 0 to 20mm.  
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The crank pin carried a hardened steel ball that mated with the vertical track in the 
end of the moving arm to form a slider crank arrangement. The moving arm 
pivoted on a vertical, hardened and ground steel shaft and was equipped with 
needle roller bearings.  Wearing element contact load was generated by vertically 
loading the moving arm with a hollow, cylindrical weight.  Vertical load to the 
moving arm was transferred through a needle roller thrust bearing.   
 
Photograph 3.6 General layout of wear test unit. 
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Test pieces with geometries as detailed in figs. 3.5 and 3.6 were used for the pad 
(the stationary component) and the wiper (the moving component).  The test piece 
designs approximate standard shearing comb and cutter closing angles and 
contact areas without the production of the complex shapes typically associated 
with the standard items. 
 
Fig. 3.5 Wear pad geometry (third angle projection, all dimensions in mm).  
 
 
Fig. 3.6 Wiper geometry (third angle projection, all dimensions in mm) 
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After construction, the stage of the wear test unit to which the wear pad was to be 
attached was made accurately perpendicular to the axis of the rocking arm, using 
a 0.001mm resolution dial indicator gauge and levelling screws provided under the 
stage.  
 
A type “K” thermocouple was lightly pressed against the underside of the wear pad 
with a rubber spring.  Because of electrical noise generated by the motor/inverter 
drive unit, it was necessary to electrically isolate the thermocouple from the wear 
pad with a piece of 0.1mm thick mylar film.  Wear pads were thermally insulated 
from the wear tester stage with two 3mm thick washers machined from nylon 6. 
 
Wipers were held in the slotted attachment at the end of the moving arm to 
maintain perpendicularity with the wear pad but in such a way that they could rock 
slightly about the axis of the 3mm diameter hole.  This was done to ensure that the 
ground surface of the wiper was able to make complete contact with the wear pad.   
It also enabled the wear pad/wiper contact patches to move along the length of the 
wiper face in the same way that the contact patches for a standard cutter move 
along the length of the cutter teeth.    
 
The crank of the wear test unit was adjusted to give the wiper a 19mm sweep 
across the surface of the wear pad at the outermost edge of the wiper as per a 
“standard” wide shearing handpiece.  The “closing angle” between the wiper and 
wear pad grooves varied between 27o and 40o (refer to fig. 3.7).  This compares to 
the closing angles measured using calibrated wedges on combs and cutters fitted 
to a standard handpiece of 14o to 40o. 
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Fig. 3.7 Sweep path of wiper on wear pad showing “closing angle” between wiper 
and wear pad grooves. 
 
 
Initially, it was planned to run the test unit with a small amount of wool grease 
introduced to the wear zone to act as a lubricant and to more closely approximate 
actual operating conditions.  Samples of wool grease were obtained from 
Melbourne Scouring Pty. Ltd. for this purpose.  However, the addition of very small 
quantities of wool grease to the wearing elements resulted in a temperature rise of 
less than 3oC.  This did not compare well with the actual comb and cutter 
temperature rise measured at Roxby Park of around 30oC. Actual measured 
temperatures were in the range of 55 to 100oC, but the operating ambient 
temperature should be taken as sheep body temperature of approximately 40oC 
(actual range 38.4 – 41.0oC; Myers, 2000). For the test to be similar to actual 
operating conditions, the expected temperature rise for standard materials should 
be from 15 to 60oC.  Thinning the wool grease with water/soap and 
water/detergent solutions was tried, but difficulty was found in maintaining the wool 
grease in solution.  Several hydrocarbon solvents were tried.  The more aromatic 
solvents such as Shell “X-55” dissolved the wool grease well, but because of their 
volatile nature the solution concentration in an open container was found to be 
constantly changing, giving rise to inconsistent results.  Wool grease and kerosene 
was tried but, at room temperature, small amounts of waxy material precipitated 
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from the solution, blocking the dispensing valve.  Applying zero lubricant resulted 
in a rapid temperature rise. Kerosene at low application rates gave an acceptable 
temperature rise.  Refer fig. 3.8. 
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Fig. 3.8 Plot of temperature rise verses time for standard cutter material wiper run 
on 63HRc M2 pad with varying levels of lubrication. 
 
 
It was planned to mix abrasive media with the lubricant to simulate fleece dirt.  
Difficulty was experienced with maintaining the abrasive in suspension despite 
continuous stirring.  A dispenser for the abrasive material was devised using a 
plastic sample bottle of 50cc capacity.  A 3mm diameter hole was drilled through 
the base of the bottle near the wall and the cap fastened to the shaft of a small 
stepping motor.  The bottle and motor assembly was held with the central axis 
approximately horizontal. As the bottle rotated about its central axis, abrasive 
material sprinkled from the 3mm diameter hole.  The rate of dispensing was 
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controllable by altering slightly the attitude of the bottle and the rotational speed.  
Refer photograph 3.7. 
 
Photograph 3.7 View of wear test unit showing layout of lubricant and abrasive 
dispensing devices. 
 
 
Testing 
 
 
Previous work indicated that, in practice, the comb/cutter contact loads may vary 
between 100 and 350N (Dennis, 1980).  This load is spread over the eight cutting 
sides of the cutter and the heel or rear-most portion of the cutter.  The distribution 
is not uniform, with the tips of the cutter teeth carrying about three times the load 
applied to the heel because of the point of application of load to the cutter.  The 
standard load chosen for wear testing was 20N.  This equates approximately to an 
actual comb/cutter contact load of 240N.  Five different wiper materials were run 
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against six different wear pad materials.  One of the pad materials (M2) was used 
at two different hardness levels and five of the pad materials were subject to sub- 
zero thermal treatment.  The wiper and pad materials used are detailed in tables 
3.3 and 3.4. 
 
Table 3.3 Summary of wiper materials used. 
Wiper Material Hardness (HV30  
mean of 3 tests) 
Notes 
SCM 745 Test pieces cut from Heiniger “Jet” cutters 
Stellite 100 777 Test pieces cut from cast tool blank 
M2 65 830 Sealed nitrogen quench and triple tempered 
CI 535 Quenched and tempered pearlitic grey iron 
TiN  Not tested TiN coating applied to nominally 830Hv30 M2 high speed steel 
 
 
Table 3.4. Summary of wear pad materials used in tests.  For further material data, 
refer to Appendix 9.2.  
 Wear Pad Material 
Designation 
Hardness (HV30 
mean of 3 tests) Notes 
O1 739 O1 - Oil-quenched and tempered. 
S390 890 Bohler proprietary steel (S390), sealed nitrogen quench and triple tempered. 
K190 800 
Bohler proprietary powder metallurgy steel 
similar to DIN 1.2380 X220CrVMo13 4 – 
sealed nitrogen quenched and tempered. 
D2 695 D2 - Oil-quenched and tempered. 
M2  63 772 M2 - Sealed nitrogen quenched and triple tempered. 
M2  65 845 M2 - Sealed nitrogen quenched and triple tempered. 
Stellite 100 777 Test pieces cut from cast tool blank. 
O1 CT 732 O1 - Oil-quenched and tempered and sub-zero treated. 
S390 CT 912 
Bohler proprietary steel (S390), sealed 
nitrogen quenched, triple tempered and sub-
zero treated. 
K190 CT 816 
Bohler proprietary powder metallurgy steel 
similar to DIN 1.2380 X220CrVMo13 4 –
sealed nitrogen quenched, tempered and 
sub-zero treated. 
D2 CT 693 D2 - Oil quenched, tempered and sub-zero treated. 
M2  63 CT 778 M2 - Sealed nitrogen quench, triple tempered and sub-zero treated. 
M2  65 CT 840 M2 - Sealed nitrogen quench, triple tempered and sub-zero treated. 
TiN  Not tested TiN coating applied to nominally 830Hv30  M2 high speed steel. 
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Thermal treatment used for all sub-zero treated materials consisted of reducing 
component temperature from ambient to –160oC at a rate of 26.5oC/hour, holding 
at temperature for six hours then returning to room temperature at 26.5oC/hour.  
Cryotemper Pty. Ltd., Melbourne, carried out the work as per its standard sub-zero 
thermal treatment process. 
 
The standard laboratory wear test conditions were established as: 
 
• Test time – 10 minutes 
• Contact load – 20N 
• Lubricant – kerosene 
• Lubricant application rate – 0.25ml/min 
• Abrasive – Steetley Quartz #300 mesh silica 
• Abrasive application rate – 10mg/min 
 
 
The standard laboratory test regime was established as: 
 
• Surface-grind contact surfaces to remove any trace of wear and provide a 
planar surface.   Grinding performed with 36 grit vitrified bond aluminium oxide 
wheel. 
• Ultrasonic clean in warm detergent solution for three minutes. 
• Warm water rinse. 
• Dry with de-natured alcohol and warm air blast. 
• Weigh with 0.1mg resolution balance. 
• Test 
• Ultrasonic clean in warm detergent solution for three minutes. 
• Warm water rinse. 
• Dry with de-natured alcohol and warm air blast. 
• Weigh with 0.1mg resolution balance. 
 
 
This procedure was used for all of the materials tested except for the TiN-coated 
samples.  The TiN-coated samples were surface-ground prior to coating.  The test 
procedure for these samples was as outlined above except for the omission of the 
grinding operation before and between tests. 
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Surface grinding with the 36 grit, vitrified bond aluminium oxide grinding wheel was 
performed to ensure a consistent level of surface preparation.  This had already 
been shown to provide similar burst length as the conventional shearing grinding 
technique (refer sections 3.1 and 4.1) when used for standard combs and cutters.  
The conventional shearing grinding technique was not used, as it would have been 
difficult to maintain parallelism and flatness in grinding of the test pieces. 
 
Ten successive tests of wipers made from SCM rubbing on a wear pad made of 
O1 material were conducted to determine the spread of results expected within 
material groups.  The effects of changing load, lubricant and abrasive grit 
application rates were also investigated.  At least three tests were done for each of 
the material combinations listed in table 3.5. 
 
Table 3.5 Combinations of materials tested in laboratory wear test. 
WIPER MATERIAL 
WEAR PAD 
MATERIAL 
SCM Stellite 100 M2 65 CI TiN 
O1 X X X X X 
S390 X X X X  
K190 X X X X  
D2 X X X X  
M2  63  X   X  
M2  65  X X  X  
Stellite 100 X X X   
O1 CT X     
S390 CT X     
K190 CT X     
D2 CT X     
M2  63 CT X     
M2  65 CT X     
TiN X    X 
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3.5 Premature tooth tip failure 
 
Experience gained by Lyons and Mackenzie in field-testing indicates that shearing 
combs made from M2 high speed steel occasionally suffer from failure of the tips 
of the teeth (Mackenzie 1998).  The failure rate per tooth is low and may occur at 
any time during the life of the comb.  It is possible that some of the failures have 
occurred due to single incident overloading (eg. hitting a horn, dropping the 
handpiece on the floor).  Of the M2-type Lyons and Mackenzie combs returned 
with this failure, no incidents of this type have been reported by the test shearers.   
The observed failures have been limited to a 1 - 2mm long portion of the tooth tip 
breaking away.  For the combs tested to date, about one tooth in every 130 has 
been found to fail in service. The tooth tip softening procedure described in section 
3.1 appears to have little impact on this type of failure.   
 
In an attempt to determine the cause of failure, the remainder of two failed teeth 
from combs returned from field testing were removed from their respective combs, 
ultrasonically cleaned, mounted on an aluminium stub and examined using 
scanning electron microscopy. 
  
Static tooth tip testing 
To provide a comparison of tooth tip bend strength between conventional and M2- 
type combs, three combs were chosen:  
• Lyons and Mackenzie M2 57 high speed steel comb that had been subject to 
tooth tip softening (numbered “A1-10”).  
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• Lyons and Mackenzie M2 high speed steel comb with as-hardened and 
tempered teeth (numbered “8”).  
• Botany Bay “Longreach” comb (numbered “10”).    
 
A slotted tooth tip holder was made from high carbon steel and heat-treated 
(photograph 3.8). The comb to be tested was gripped near its attaching slots in a 
bench vice and the tooth tip holder applied to a tooth.  Load was progressively 
applied to the tip holder via a series of weights, causing cantilevered bending of 
the tooth tip to occur (photograph 3.8).  When failure of the tip took place, the 
combined mass of the weights was determined using a top loading balance.  The 
test was repeated for successive teeth.   
 
Following fracture, the combs were mounted vertically on a metallographic 
microscope with the fracture surface perpendicular to the viewing direction.  A 
piece of steel wire of known diameter was placed adjacent to the fracture surface 
to act as a dimensional reference and the fracture surface photographed 
(photograph 3.9).  By scaling from the photographs, the second moment of area at 
the fracture plane was calculated and the extreme fibre stress determined.   
 
Using ANSYS engineering analysis software, a solid model of an idealised comb 
tooth was created in an attempt to validate the empirically determined extreme 
fibre stresses.  The model was made to approximate the shape of tooth 12 of 
Lyons and Mackenzie comb numbered A1-10.  The solid model was meshed with 
3690 elements of a 3D, 10-node tetrahedral type as shown in fig. 3.9.  The model 
was restrained at all nodes at the root of the tooth.  Load was applied to all nodes 
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at the tooth tip and to all nodes at a plane, 2mm from the end of the tooth tip to 
approximate the loads applied during the static-bending test. 
 
Fig. 3.9 View of finite element meshed tooth solid model used to validate 
experimental stress developed during static bend testing of comb teeth. 
 
 
 
Photograph 3.8 Arrangement for application of cantilever load to comb tooth tips.  
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Photograph 3.9 Fracture surface, tooth 7 of Lyons and Mackenzie M2 57 comb 
(numbered A1-10).  Round object is 1.6mm diameter wire used as scale 
reference. 
 
 
Dynamic tooth tip testing 
During operation, it can be seen that a standard shearing handpiece oscillates 
approximately about the axis of the centre pin (fig. 2.2).  A standard Sunbeam 
handpiece was held by hand and the amplitude of oscillation measured at the tips 
of the comb with a steel rule.  The amplitude was estimated at approximately 
3mm.  It was considered possible that wool or the skin of the sheep might stop the 
oscillation during shearing by resisting the sideways movement at the comb tips. 
For this reason, the force required to stop the oscillation of the handpiece while 
running was determined.  A block of wood was gripped firmly in a bench vice.  A 
running shearing handpiece was held with its longitudinal axis horizontal and the 
comb bed face vertical.  The lower tooth of the comb was allowed to rest on the 
top face of the block of wood and weights of increasing mass placed on the 
uppermost comb tooth until the sideways oscillation ceased (photograph 3.10).  
The force required to stop the oscillation was 30N.  
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Photograph 3.10 Arrangement used for determining the force required to stop 
sideways oscillation of a shearing handpiece. 
 
To apply an oscillating, sideways load to the tooth tips of the test combs, a slotted 
attachment was made from carburised, quenched and tempered low carbon steel.  
This attachment was fitted to the end of the moving arm of the wear test unit (refer 
photograph 3.6), making it possible to engage one comb tooth at a time and 
deflect the tooth tip sideways (photograph 3.11). Before commencing dynamic 
testing of each tooth, the coupling ball from the wear-test unit crank was removed, 
allowing the moving arm to swing freely through a small arc.  Using a 50N spring 
balance and dial indicator gauge, the sideways deflection produced by application 
of 30N was measured.  The clearance between the tooth tip and the slot in the 
attachment was also determined with the dial indicator gauge.  The ball was then 
replaced on the crank and the crank throw set to the deflection measured at 30N, 
with allowance for the clearance previously measured.  The crank throw was 
verified with the dial indicator gauge.  The wear test unit was then allowed to run at 
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a frequency of 40Hz and the time taken for the tooth tip to fail measured with a 
hand-held stopwatch.  Five teeth of a commercially available Heiniger “Pro” comb, 
three teeth of an as-heat treated Lyons and Mackenzie M2 comb and four teeth of 
a Lyons and Mackenzie M2, post heat treatment, tip softened comb were tested.  
As a number of the M2 comb teeth did not break after a large number of cycles, 
the procedure was repeated with a deflection equivalent to a load of 50N which 
caused all teeth to fail. Some of the fracture surfaces were then examined using 
scanning electron microscopy. 
 
 
Photograph 3.11 Set-up used for dynamic testing of individual comb teeth showing 
the tooth tip-engaging device mounted on the end of the moving arm. 
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3.6 Wool ash testing 
 
In all of the previous work reviewed, the assumption appeared to be made that any 
hard material ingested in the comb/cutter contact zone either originated on the 
surface of the wool fibres or was wear debris.  None of the previous researchers 
had investigated the possibility of hard particles being incorporated in the wool 
fibres during growth.  Small mineral particles sufficiently hard to accelerate comb 
and cutter wear if incorporated into wool fibres during production should be 
present either in their natural state or as decomposition products after pyrolysing.  
The normal ash-determination pyrolysis temperature for wool is 750oC (D’Arcy 
1972). 
 
A sample of wool ash, produced as a routine test of scoured wool, was taken from 
the Australian Wool Testing Authority laboratory, Kensington, Melbourne.  A small 
quantity was pressed on to double-sided, conducting, adhesive tape, gold coated 
and analysed in an SEM using EDS.   A second sample of wool ash was produced 
by taking a 50-gram side sample of wool from a Dorset ewe at Invermay, Victoria.  
The wool was hand-scoured with a hot detergent solution, rinsed with cold running 
water and dried with alcohol and warm air.  Any visually obvious extraneous 
matter was physically removed to produce a final sample of clean, scoured wool 
weighing 3.5 grams.  This was pyrolised in a covered ceramic crucible at 750oC for 
10 minutes in an electric furnace.  A small quantity of the ash produced was then 
treated in the same manner as the previous sample and analysed using EDS. 
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4. EXPERIMENTAL RESULTS AND OBSERVATIONS 
 
4.1 Field work 
 
Surface finish effect – Mooramong trial
The trial of different ground surface finishes at Mooramong was not conclusive. 
Prior to the test to investigate the burst length of combs subject to different 
grinding processes, the test shearer chosen was using Heiniger brand combs and 
shearing 20 to 30 sheep between comb sharpening.  The surface-ground and 
lapped combs shore a similar number of sheep to the shearer’s own combs before 
being judged as no longer useable. The “Industry standard” ground comb was 
fitted last.  The shearer was not satisfied that the comb was cutting and changed 
the cutter after the first sheep.  The cutter was changed again after a further four 
sheep, substituting one of the shearer’s cutters for the test cutter supplied.  After 
shearing one more sheep, the comb was rejected as “not cutting” and the shearer 
reverted to his own handpiece.  A subsequent cutting test with 8-ply knitting wool 
indicated that this comb was not cutting at the bottom of the first gullet.  
Examination with a dial indicator on a surface plate showed a region at the base of 
the first gullet nominally 8μm below the level of the tips of the teeth. The results for 
the test at Mooramong are as in table 4.1. 
 
Table 4.1 Results of trials at Mooramong comparing the relative life between 
sharpening of combs prepared using different surface preparation techniques. 
Comb preparation 
description 
Sheep shorn 
with first 
cutter 
Sheep shorn 
with second 
cutter 
Comments 
Surface-ground  0.5μmRa 16 8  
Lapped 0.4μmRa 16 9  
“Industry standard” grind  
1.7μmRa 1 4 
test discontinued – comb not 
cutting 
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Of the six handpieces checked for gap between the comb and cutter after use, five 
accepted a 38μm and one a 76μm feeler gauge, indicating that a substantial 
amount of material was worn, presumably from the teeth of the cutter.  The contact 
faces of the cutters were worn sufficiently after use to remove any trace of grinding 
marks, with the wear being greatest towards the tips of the teeth.  The comb teeth 
were also worn, but not to the same extent, as there were still grinding marks 
present (see photograph 4.1). 
 
Photograph 4.1 76μm feeler gauge inserted between comb and cutter heel after 
use. 
 
Edge rounding measurement – Mooramong trial 
The results for edge rounding measurement are tabulated in tables 4.2 and 4.3.  
The edge rounding measured for the combs was typically less than that for cutters 
with the amount of edge rounding for combs varying between 3 and 17μm and that 
for cutters between 4 and 29μm.  The tests performed at Mooramong did not yield 
sufficient data for statistical analysis.  They did provide a useful test for the 
measuring equipment and helped prepare for the trials conducted at Hillside. 
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Table 4.2 Edge rounding for combs at cessation of cutting, measured within 
1.5mm of outer edge of comb/cutter contact arc.  T1, T3 etc. indicate tooth 
numbers.  Numbering starting from bottom tooth of comb. 
Comb description 
Radius  
T1  
μm 
Radius 
T3  
μm 
Radius 
T5  
μm 
Radius 
T7  
μm 
Radius 
T9  
μm 
Radius 
T11 
μm 
Radius 
T13 
μm 
Mean 
radius 
μm 
surface-ground test 
comb 8 8 7 7 7 7 4 7 
Lapped test comb 4 5 5 9 5 7 3 5 
Shearer’s Heiniger Gun 7 8 14 9 11 14 5 10 
Shearer’s Heiniger Gun 4 2 7 9 8 11 8 7 
Shearer’s Heiniger Gun 11 14 14 17 17 17 8 14 
Shearer’s Heiniger Gun 6 11 9 10 10 9 9 9 
Shearer’s Heiniger Gun 9 7 7 7 7 9 9 8 
Shearer’s Heiniger Gun 9 8 6 12 11 16 6 10 
Shearer’s Heiniger Gun 5 8 12 11 6 12 9 9 
mean radius μm 7 8 9 10 9 11 7 9 
 
 
 
Table 4.3 Edge rounding of cutter teeth at cessation of cutting measured within 
1.5mm of outer edge of comb/cutter contact arc.  Test cutters 6 and 7 used with 
surface-ground test comb.   Test cutters 9 and 1 used with lapped test comb. 
T1, T3 etc. indicate tooth numbers.  Numbering starting from bottom tooth of 
cutter. 
 
Cutter description 
Radius T1 
μm 
Radius T2 
μm 
Radius T3 
μm 
Radius T4 
μm 
Mean radius  
μm 
test cutter 6 6 7 6 4 6 
test cutter 7 14 9 11 16 13 
test cutter 9 17 16 16 15 16 
test cutter 1 11 17 17 17 16 
Shearer’s Heiniger  
Diamond 9 9 8 7 8 
Shearer’s Heiniger  
Diamond 10 16 29 21 19 
Shearer’s Heiniger  
Diamond 9 8 11 9 9 
Sunbeam sabre 7 11 9 6 8 
Shearer’s Heiniger  
Diamond 8 16 11 16 13 
Shearer’s Heiniger  
Diamond 7 11 11 12 10 
Shearer’s Heiniger  
Diamond 16 11 19 15 15 
Shearer’s Heiniger  
Diamond 12 19 23 12 17 
Sunbeam sabre 12 11 14 15 13 
Shearer’s Heiniger  
Diamond 16 14 19 15 16 
Shearer’s Heiniger  
Diamond 10 11 15 16 13 
Shearer’s Heiniger  
Diamond 15 10 9 11 11 
mean radius μm 11 12 14 13 13 
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Effect of ground surface finish and edge rounding measurement – Hillside trial 
The results of the four-day trial at Hillside are summarised in tables 4.4 to 4.6. 
 
Table 4.4 Test results obtained for standard ground combs during shearing trials 
at Hillside, near Ararat, Victoria. 
Sheep total Time run Sheep total Comb tooth edge rounding (μm) Comb No. Cutter No. 
per cutter burst (mins.) per comb burst T1 T3 T5 T7 T9 T11 T13
10 8 30 
F-11-008 
6 4 15 
12 10 6 11 5 5 7 6 
14 7  
F-11-016 
11 4  
11        
6 9 25 
F-11-016 
5 6 17 
15 6 6 8 8 6 5 8 
10 7 21 
F-11-006 
13 4 12 
11 4 5 4 6 4 5 7 
 
 
 
 
Table 4.5 Test results obtained for surface-ground combs during shearing trials at 
Hillside, near Ararat, Victoria. 
Sheep total Time run Sheep total Comb tooth edge rounding (μm) Comb No. Cutter No. 
per cutter burst (mins.) per comb burst T1 T3 T5 T7 T9 T11 T13
5 8 30  
F-11-009 2 8 30 
16 12 7 6 4 5 4 6 
4 6 na  
F-11-004 7 6 na 
12 8 6 4 6 6 6 5 
1 9 25  
F-11-013 4 8 20 
17 10 10 8 10 7 9 7 
2 7 22  
F-11-011 14 6 20 
13 7 7 8 8 5 8 7 
 
 
 
Table 4.6 Test results obtained for lapped combs during shearing trials at Hillside, 
near Ararat, Victoria. 
Sheep total Time run Sheep total Comb tooth edge rounding (μm) Comb No. Cutter No. 
per cutter burst (mins.) per comb burst T1 T3 T5 T7 T9 T11 T13
9 11 35  
F-11-010 1 3 10 
14 8 6 8 13 11 11 9 
12 6 na 
shearer's 6 na  F-11-014 
15 5 na 
17 10 8 10 4 5 5 4 
3 13 na  
F-11-003 6 4 na 
17 9 9 8 8 8 10 8 
9 9 25  
F-11-012 7 7 20 
16 7 7 7 8 6 11 8 
11 11 33  
F-11-018 15 9 27 
20 6 6 7 9 9 8 10 
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The mean comb tooth edge rounding measured after use is given in table 4.7 for 
the three types of grinding technique used. The average edge rounding per sheep  
(table 4.7) would indicate that there is no significant difference between the 
surface preparation techniques in terms of material lost from the edges of the 
comb teeth per sheep shorn. 
 
Table 4.7 Averages of Comb-tooth-edge rounding estimates calculated from 
Hillside shearing trial test results. 
Comb grinding 
technique 
Average edge 
rounding 
(μm) 
Average rounding/average burst 
length 
(μm/sheep) 
“Industry standard” grind 6 0.5 
Surface-ground 7 0.5 
Lapped 8 0.5 
 
 
 
Analysis of variance (ANOVA) was used to analyse the data presented in tables 
4.4 to 4.6 to determine if the null hypothesis (ie. no difference between means) is 
correct.  The method given by Spiegel for unequal numbers of observations was 
employed (Spiegel, 1975). 
 
 
Table 4.8 Means and ANOVA for all burst length results. 
Comb surface prep. Sheep shorn per burst Total Mean 
Lapped 14 17 17 16 20 84 16.8 
surface-ground 16 12 17 13  58 14.5 
standard grind 12 11 15 11  49 12.3 
grand mean       14.5 
 
 
 
 dof mean square F 
total variation                     93.2    
variation between groups  45.8 2 22.9  
variation within groups       47.4 10 4.74 4.8 
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The calculated F0.5 (2,10) value given in table 4.8 is greater than the tabulated 
value of 4.1.  Hence the null hypothesis can be rejected at the 95% confidence 
level, but not at the 99% confidence level for which the tabulated F0.1 (2,10) value 
is 7.56 (Spiegel, 1975). 
 
 
Preliminary material comparison – Roxby trial 
 
An example of the experimental data collected at Roxby Park is tabulated in 
appendix 9.3. 
The measured comb temperatures recorded at the completion of shearing each 
sheep are summarised in table 4.9. 
 
Table 4.9 Summary of temperature data collected during shearing trial at Roxby 
Park. 
 
Comb Material 
Description 
 
Number of 
observations 
Mean  comb 
temperature at end 
of cutting (oC) 
 
Standard  
deviation 
M2 63 287 68 7.6 
M2 57 248 69 12.6 
Calmax 168 69 10.5 
H13 96 71 12.7 
Botany Bay 
Longreach 279 72 9.7 
 total 1078 weighted mean 70  
 
 
 
Using analysis of variance, the mean comb operating temperatures at the end of 
shearing were compared to determine if there was a significant difference between 
the means. 
 
Table 4.10 ANOVA table for mean temperatures at end of shearing. 
Variation Dof Mean squares F 
Between groups             2776 4 694 
Within groups              115452 1073 108 6.4 
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The tabulated value for F0.01 (4, 1073) is 3.32 (Spiegel, 1975).  As this value is less 
than the calculated value given in table 4.10, the null hypothesis (ie. the means 
are the same) can be rejected at the 99% confidence level. 
 
Using the Longreach combs as a control, “Student’s t test” can be used to 
compare the mean temperature rise recorded for the other materials against the 
mean rise measured for the Longreach combs to determine if there is a significant 
difference in the temperature rises recorded.  The values are tabulated in table 
4.11. 
 
Table 4.11 Check for differences between mean temperature rises recorded for 
the different materials using Longreach combs as a control. 
 
Check for 
significance 
between 
 
Means 
 
Standard 
deviation 
 
dof 
 
Calculated “t” 
value 
 
Tabulated “t” 
value 
(Spiegel, 1975) 
Significant 
at 0.01% 
confidence 
level? 
Botany Bay 
Longreach & 
M2 63 
xl = 72 
xs63 = 68 
 
8.9 
 
564 
 
5.3 
 
2.58 
 
 
Yes 
Botany Bay 
Longreach & 
M2 57 
xl = 72 
xs57 = 69 
 
11.2 
 
525 
 
3.1 
 
2.58 
 
Yes 
Botany Bay 
Longreach & 
Calmax 
xl = 72 
xc = 69 
10.1 445 3.0 2.58 Yes 
Botany Bay 
Longreach & 
H13 
xl = 72 
xw = 71 
10.5 373 0.8 2.58 No 
 
 
From table 4.11, at the 99% confidence level, compared to the control comb, both 
the M2 combs and the Calmax combs demonstrated a statistically significant lower 
temperature at the end of shearing. There was no difference between the end of 
shearing temperatures recorded for the control and the H13 combs at this level of 
confidence.  For an accurate comparison of temperatures, the temperature rise 
above ambient should have been measured.  This approach was not taken, as the 
additional data gathering would have proven rather onerous.  It was assumed that 
ambient air temperature fluctuations would not have a major influence over the 
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comb temperatures, as the comb is substantially attached to the shearing 
handpiece and the comb teeth spend a major portion of their time in contact with 
the fleece and/or body of the sheep.  On this basis, it could be reasonably 
assumed that the comb operating ambient temperature would be fairly constant 
and related to the shearer's hand temperature, the handpiece operating 
temperature and the sheep skin temperature. 
 
The results of the handpiece “plunge test” and feeler gauge test are given in tables 
4.12 and 4.13 respectively. 
 
Table 4.12 Summary of handpiece plunge test results obtained during shearing 
trials at Roxby Park. 
No.  of failures for given cutter tooth  
Comb material type 
No. of 
replications t1 t2 t3 t4 
M2 63  3 1 1 1 1 
M2 57  8 7 7 7 4 
H13  5 5 5 5 5 
Calmax 4 2 3 3 2 
Botany Bay 
Longreach 4 3 4 3 2 
Total 24 16 20 19 14 
 
 
Difficulty was experienced in obtaining consistent results with the plunge test.  The 
test outcome depended largely on the contact load applied between the comb and 
cutter.  The load used was similar to that used by the shearers, but it was found 
that small variations marked the difference between cutting and not cutting.  
Because of this, any statistical inference drawn from the data in table 4.12 may not 
be accurate.  It can, however, be seen from table 4.12 that no particular tooth was 
consistently responsible for cessation of cutting.    
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Table 4.13 Summary of feeler gauge test results obtained during shearing trials at 
Roxby Park. 
Number passing given feeler gauge thicknessComb material type No. of replications 38μm 50μm 76μm 100μm 
M2 63  3 1 1  1 
M2 57  8 1 1   
H13  5  1 1  
Calmax 4   1  
Botany Bay 
Longreach 5 1 2 1  
Total 25 3 5 3 1 
 
 
The feeler gauge test data collected is insufficient to allow for statistical analysis. 
From table 4.13, it is apparent that in about half of the comb/cutter pairs examined 
at the end of cutting, sufficient wear had taken place at the forward portion of the 
comb and/or cutter to allow at least a 38μm feeler gauge to enter between the heel 
of the cutter and the comb. 
 
The numbers of sheep shorn between necessary sharpening during the trial at 
Roxby Park are given in table 4.14. 
 
Table 4.14 Numbers of sheep shorn between sharpening (burst length) for given 
comb material types during Roxby Park shearing trials. 
Botany Bay 
Longreach 
H13  Calmax M2 63   M2 57   
10 19 5 35 38 
4 21 13 31 43 
7 15 42 28 63 
78 12 51 49 45 
27 19 12 68 27 
21 15 57 73 47 
53 7 10 79 10 
89   58 33 
9   59  
33 15 27 53 38 average 
32.3 4.8 22.0 18.7 15.6 std. deviation 
 
 
The large standard deviations for the comb burst lengths given in table 4.14 make 
statistical analysis difficult.  These arise from the range of burst lengths achieved 
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during use.  Nothing was observed that would indicate that a particular comb or 
combs in a material group was responsible for this variation.  The spread in results 
was not helped by the variation in sheep types being shorn and the visually 
observed high dust levels in the fleeces shorn on the last two days of the trial.  The 
results will also be somewhat skewed by the shearers wanting only to use the M2 
combs on the last day and refusing to use the other combs.  Taking this into 
consideration, it can be seen from table 4.14 that the M2 combs had longer burst 
lengths than the other combs while the H13 combs operated with less variation.  
 
Measuring of the wear step on the ground face of the comb after use produced the 
summary given in fig. 4.1.  The M2-type combs exhibited the smallest step 
heights, being less than half of that recorded for the standard material combs.  The 
H13 combs also demonstrated low wear step heights, being similar to those 
recorded for the softer M2 combs.    
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Fig. 4.1 Average comb tooth wear step heights for the range of materials tested 
during shearing trials at Roxby Park. Error bars indicate range of values recorded. 
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The extent of different cutter wear recorded during the trial is given in fig. 4.2.  The 
information is presented on the basis of material lost relative to running time, to 
compensate for variations in average burst length for the different comb materials. 
The lowest rate of cutter mass loss was recorded for cutters run on the standard 
comb material.  The other comb materials all produced cutter mass loss rates 
about twice that of the standard material.  The H13 and Calmax combs having a 
range of values almost twice that of the M2 combs. 
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Fig. 4.2 Average cutter wear (mg/min) when run on the comb material given during 
shearing trials at Roxby Park.  Figures from the four days of the trial.  Error bars 
show the range of values calculated.  
 
 
 
During the course of the trials, it was observed that the ground surfaces of the 
comb teeth did not wear flat.  Out of interest, the amount of  “camber” wear (fig. 
3.4) on the ground surface was measured on some of the combs used.  As this 
test was not planned for initially, it was not done on all of the combs used in the 
trial.  Difficulty was experienced with making the measurement.  Most of the wear 
occurs within about 1.5mm of the edge of the comb tooth, requiring very careful 
movement of the comb under the dial indicator and estimating when the dial 
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indicator stylus is about to “go over the edge” of the tooth.  The amount of camber 
measured is given in table 4.15.  Again, the volume of data collected is not 
sufficient for a proper statistical analysis of the camber wear that takes place in the 
field.  It is interesting to note, however, that the amount of camber wear recorded 
for the high speed steel combs is in all cases much less than that for the other 
comb materials. 
 
Table 4.15 Ground surface cambering measured during shearing trials at Roxby 
Park (refer also fig. 3.4). 
Comb No. Day of trial Material Tally (sheep) Camber height (μm)
5 first Calmax 51 8 
9 third H13 15 7 
13 first Botany Bay Longreach 78 5 
4 third H13 15 4 
62 fourth Botany Bay Longreach 10 4 
12 third Botany Bay Longreach 4 3 
11 third M2 57 47 1 
15 third M2 57  27 1 
63 fourth M2 63  59 1 
 
 
 
SEM micrographs of the as-ground surface of the combs used in preliminary 
materials evaluation at Roxby Park illustrate the rough surface obtained with the 
standard grinding regime used for shearing combs.  The micrographs show 
surfaces that have been heavily “ploughed” by the abrasive media.  The edges or 
“fins” of the furrows often being folded back on the base surface with some 
sections of the fins only being loosely attached.  Refer photographs 4.2 and 4.3.  
Similar surface details were observed for the range of comb materials tested. 
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Photograph 4.2 Secondary electron image of as-ground surface of Botany Bay 
Longreach comb prior to use.  Scale bar indicates 10μm. 
 
 
 
 
 
Photograph 4.3 Secondary electron image of as-ground surface of Lyons and 
Mackenzie M2 high speed steel comb prior to use.  Scale bar indicates 10μm. 
 
 
 
Of the worn comb teeth observed, all demonstrated in the high load contact region 
towards the tips wear marks in the direction of cutter travel.  In all cases, grinding 
marks (approximately perpendicular to the direction of cutter travel) were removed 
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and replaced by shallow transverse gouges.  No evidence of spalling was 
observed.  The observed marks appeared to be due to a combination of local 
welding and tearing of the contacting surfaces and the ingestion of hard material 
present in the operating environment.  Photographs 4.4 and 4.5 and the 
associated EDS spectrum in figs. 4.3 and 4.4 illustrate pieces of siliceous material 
still embedded in the surfaces of worn comb teeth.   
 
 
 
Photograph 4.4 Secondary electron image of worn section of comb tooth; 
comb/cutter contact face, Botany Bay Longreach comb used in Roxby Park 
shearing trial.  Note embedded particle.   EDS spectrum for embedded particle 
given in fig. 4.3. Scale bar indicates 10μm. 
 
 
 
Fig. 4.3 EDS spectrum for embedded particle in photograph 4.4 (Fe from scattered 
radiation). 
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Photograph 4.5 Secondary electron image of worn section of comb tooth; 
comb/cutter contact face, Lyons and Mackenzie M2 high speed steel comb used in 
Roxby Park shearing trial.  Note embedded particle in upper, centre region.   EDS 
spectrum for embedded particle given in fig. 4.5. Scale bar indicates 10μm. 
 
 
 
 
Fig. 4.4 EDS spectrum for embedded particle in photograph 4.5. 
 
 
Another feature observed in the worn comb teeth examined was that of impact 
damage to the corners of the teeth.  This is illustrated in photograph 4.6, where a 
crater of approximately 15 to 20μm in width and 10μm in depth is shown as a 
result of the impact of a hard, irregular shaped object with the corner of the comb 
tooth. 
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Photograph 4.6 Secondary electron image of worn section of comb tooth; 
comb/cutter contact face, Lyons and Mackenzie M2 high speed steel comb after 
use in Roxby Park shearing trial.  Note impact damage to tooth edge from hard 
particle. Scale bar indicates 10μm. 
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4.2 Effect of edge rounding and ground surface cambering
 
 
Measuring the necessary contact load to effect cutting with “synthesised worn 
edges” provided some important insights into possible reasons for cessation of 
cutting.  The results of the test performed (see section 3.3, page 38) to determine 
the effect of edge rounding on the necessary contact load between comb and 
cutter are given in fig. 4.5.  Results are for contact load applied to an entire cutter.  
Cutting was carried out in one comb gullet only.  The measured load necessary for 
cutting prior to deliberately rounding the comb tooth edge was 9N.   The graphed 
data indicates that for rounding of the comb tooth edge to cause a doubling in the 
necessary contact load between comb and cutter, the edge radius must be in 
excess of 120μm. 
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Fig. 4.5 Plot of experimental results for variations in comb tooth edge rounding and 
force required to maintain cutting for one gullet. 
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The effect of applying camber to the ground face of the comb was significant (refer 
fig. 4.6).  Camber in the order of a few microns was sufficient to cause an increase 
in the necessary contact load required for cutting.  Once the extent of the camber 
exceeded 6μm, the necessary contact load began to increase rapidly to a point at 
9μm where the contact load was so high as to make operation of the handpiece by 
hand very difficult.   
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Fig. 4.6 Plot of experimental results for variations in camber height “h” (refer fig. 
3.4) and force required to maintain cutting. Cutting was carried out in one comb 
gullet only. 
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4.3 Laboratory wear testing  
 
Influence of variables 
The temperature rise for 10 successive runs under the standard laboratory wear 
test conditions with an SCM wiper on an O1 pad is given in fig. 4.7.  The mean of 
the last 15 measurements is 24oC and the standard deviation 2.6.  The spread of 
results is larger than desirable.  The exact cause of the variation was not apparent, 
although the grit application rate and application technique may have been 
responsible.  The rate of grit application was checked prior to each series of tests 
to verify that it was in the range of 10 to 13 mg/min by sampling for five minutes 
and weighing the amount dispensed.  However, it is possible that some variation 
may have occurred during the test period so that the overall rate was within the 
accepted range while the instantaneous rate may not have been.   
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Fig. 4.7 Temperature rise with respect to time for multiple runs (different colours 
and marker types) of SCM wiper on O1 pad at standard test conditions (refer 
section 3.4).  Temperature logging interval 10 seconds. 
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The method of application (dropping grit on to the wearing members) may be 
responsible for some of the variation.  The grit was dropped from a height of 
approximately 60mm on to the wearing elements.  The grit dispenser tended to 
drop the grit as a loosely agglomerated lump, once per revolution. Its maximum 
vertical velocity for the lump, relying on gravity for acceleration, is then: 
1
2
.09.1
06.08.92
2
−=
=
=
smv
xxv
asv
 
The height of the end of the moving arm and wiper is approximately 15mm.  For 
the grit to fall this distance at 1.09ms-1 will take: 
sec014.0
09.1
015.0
=
=
=
t
t
v
st
 
The moving arm sweeps across the wear pad and back again 54 times a second, 
so the maximum time available for the grit to fall past the end of the moving arm, 
without colliding with it, is approximately: 
sec009.0
2
1
54
1
max
max
=
=
t
xt
 
The grit could not fall past the moving arm without colliding with it.  The same also 
is true for the kerosene applied.  It is not clear whether the resulting “spraying 
about” of the applied media was advantageous or if it was a source of variation. 
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The measured mass loss for the wiper and pad were as follows: 
 Average pad mass loss: 0.0031g  Standard deviation: 0.0006 
 Average wiper mass loss: 0.0024g  Standard deviation: 0.0004 
The calculated contact areas are 20mm2 for the wiper and 144.9mm2 for the wear 
pad.  Using these figures and a density for O1 of 7.8g.cm-3, the average mass loss 
translates to a uniform material thickness loss of 15μm for the wiper and 2.7μm for 
the wear pad. 
 
The effect of varying the wiper/wear pad contact load for the laboratory wear test 
is shown in fig. 4.8.  The test was performed using the SCM wiper throughout, 
three different wear pad materials (O1, S390 and M2 65) and two contact loads 
(20N and 40N).  Doubling the load applied to the O1/SCM pair increased slightly 
the wear recorded for the wear pad, but had almost no effect on the wiper.  
Doubling the load applied to the M2 65/SCM and S390/SCM pairs approximately 
doubled the wear recorded for both the wiper and the wear pad. 
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Fig. 4.8 Effect on measured mass loss for wiper/wear pad contact loads at two 
levels (20N – standard and 40N – twice standard) for a range of wear pad 
materials. SCM wiper, standard lubrication and grit application rates used. 
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The effect on mass loss and temperature rise for the laboratory wear test when 
running the SCM wiper on a wear pad of O1 material without abrasive material is 
illustrated in figs. 3.8, 4.9 and 4.10.  For lubrication rates between 0.04 and 
0.5ml/min, there was no significant difference in the temperature rise measured.  
The standard application rate of 0.25ml/min was the minimum practical rate of 
lubricant dispensing that could be reliably achieved with the needle regulating 
valve available.  This rate equated to approximately 1 drop of kerosene every 10 
seconds.  The wear rate recorded for the SCM wiper on O1 wear pad combination 
similarly did not vary significantly across the kerosene application range of 0.15 to 
0.5 ml/min.  Comparing figs. 4.7 and 4.10 it is apparent that lubrication in the 
absence of applied grit resulted in steady state operating conditions without the 
variations observed when grit was applied. 
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Fig. 4.9 Measured mass loss of wear pad and wiper when varying lubricant 
(kerosene) application rate from 0.13 to 0.5 ml/min for SCM wiper on O1 wear pad 
(no added abrasive).  Test load 20N. 
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Fig. 4.10 Temperature rise for SCM wiper on O1 wear pad with varying lubrication 
rates and no applied grit.  Test load 20N. 
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Grit application at the rate of 10mg/min increased the measured temperature rise 
for the SCM wiper/O1 wear pad couple from a mean of 16oC to 24oC.  Increasing 
the grit application rate to 25mg/min resulted in a further increase in the measured 
mean temperature rise to 36oC (fig. 4.11). 
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Fig. 4.11 Effect on average temperature rise for SCM wiper on O1 wear pad when 
run with two different rates of grit and kerosene application compared with 
application of kerosene only.  Test load 20N. 
 
 
 
Increasing the grit application rate resulted in a sharp increase in the measure 
mass loss for the SCM wiper and O1 wear pad couple (fig. 4.12).  The mean mass 
loss recorded for the wear pad under no-grit conditions was 0.0003mg.  When 
running with the application of 10mg/min of grit, the mass lost increased to 
0.0037mg and, at 25mg/min of grit, a mean loss of 0.0060mg was recorded. 
 
 
 
 
 
 
 81
0.0000
0.0010
0.0020
0.0030
0.0040
0.0050
0.0060
0.0070
0.0080
0.0090
m
as
s 
lo
ss
 (g
ra
m
s)
pad - no grit, 0.13mL/min
kerosene
wiper
pad - 10mg/min grit, 0.25mL/min
kerosene
wiper
pad - 25mg/min grit, 0.25mL/min
kerosene
wiper
 
 
Fig. 4.12 Average wiper and wear pad mass loss for SCM wiper on O1 pad at two 
different grit application rates compared with the same materials run with kerosene 
only. Test load 20N. 
 
 
Plotting the results detailed in figs. 4.9 to 4.12 as temperature rise versus mass 
loss shows that there may be an approximately linear relationship between mass 
loss and temperature rise for the material couple under consideration.  The 
correlation coefficients calculated for the least squares lines of best fit are between 
0.5 and 0.6 (fig. 4.13). 
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Fig. 4.13 Temperature rise versus mass loss for SCM wiper on O1 pad for the 
range of loads and grit application rates given in figs. 4.9 to 4.12.  Linear 
regression lines of best fit and associated correlation coefficients shown. 
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Figs. 4.14 and 4.15 summarise the average measured mass losses recorded for 
the full range of wear pads and wipers tested, as outlined in tables 3.3 and 3.4.  
The test conditions used throughout were as detailed in section 3.4.  Fig. 4.16 
summarises the average temperature rise recorded during testing of these 
materials.  The temperature rise averages were calculated from the last 10 data 
points recorded for all the tests in this series.  The associated tabulated data is 
given in tables 4.16 to 4.18. 
 
The lowest recorded pad mass loss (0.0002g) was for the TiN-coated M2 65 pad 
when run with an SCM wiper.  The associated wiper mass loss for this 
combination was relatively high at 0.0031g compared with other material 
combinations such as the SCM wiper and the O1 CT wear pad where the wiper 
mass loss was 0.0009g.  However, for this combination, the wear pad mass loss 
was higher than expected at 0.0047g.  This indicates there is not a simple, direct 
relationship between mass loss and temperature rise as this combination gave the 
second highest combined mass loss, but the second lowest temperature rise 
recorded. This result initially appeared anomalous, but was replicated four times 
over a period of four days.    The material couple that produced the lowest 
temperature rise was that of an SCM wiper on a S390 CT wear pad.  This 
combination produced an average temperature rise of less than 6oC.  Again, this 
result was from four replicates spread over four days. 
 
Wear resistance and low temperature rise are both important features of materials 
used for shearing combs and cutters (section 1).  However, when confronted with 
the amount of data in Figs. 4.15 to 4.17, it is difficult to determine which couple 
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has the best combination of low wear and low temperature rise.  To highlight the 
best combination assuming, that both low wear and low temperature rise have 
equal merit, the sum of the wear pad and wiper mass loss for each couple was 
multiplied by the corresponding temperature rise.  The results are tabulated in 
table 4.16 and shown graphically in fig. 4.17.  The combination with the smallest 
product (0.011 g.oC) was a TiN-coated wiper running on a TiN-coated wear pad.  
An SCM wiper running on an S390 wear pad gave the next lowest product 
(0.013g.oC).   This compares with the “worst case” products for an SCM wiper on 
O1 wear pad of 0.137g.oC and SCM wiper on M2 65 CT wear pad of 0.143g.oC.  
 
   
Table 4.16 Average wear pad mass loss (g) for material couples indicated under standard test conditions. 
Pad Material 
Wiper Material O1 S390 K190 D2 M2 63 M2 65 Stellite 100 O1 CT S390 CT K190 CT D2 CT M2 63 CT M2 65 CT TiN 
M2  0.0027 0.0006 0.0005 0.0012   0.0012        
CI 0.0016 0.0004 0.0005 0.0010 0.0007 0.0006         
Stellite 100  0.0033 0.0008 0.0004 0.0009  0.0015 0.0009        
TiN              0.0004
SCM 0.0031 0.0004 0.0006 0.0009 0.0007 0.0007 0.0010 0.0047 0.0006 0.0008 0.0007 0.0011 0.0010 0.0002
 
Table 4.17 Average wiper mass loss (g) for material couples indicated under standard test conditions. 
Pad Material 
Wiper Material O1 S390 K190 D2 M2 63 M2 65 Stellite 100 O1 CT S390 CT K190 CT D2 CT M2 63 CT M2 65 CT TiN 
M2 0.0008 0.0012 0.0006 0.0010   0.0003        
CI 0.0013 0.0024 0.0017 0.0014 0.0017 0.0030         
Stellite 100  0.0011 0.0011 0.0010 0.0010  0.0011 0.0009        
TiN              0.0002
SCM 0.0024 0.0029 0.0039 0.0012 0.0028 0.0042 0.0015 0.0009 0.0017 0.0028 0.0014 0.0030 0.0054 0.0031
 
Table 4.18 Average temperature rise (oC), last 10 data points for material couples indicated under standard test conditions. 
 Pad Material 
Wiper Material O1 S390 K190 D2 M2 63 M2 65 Stellite 100 O1 CT S390 CT K190 CT D2 CT M2 63 CT M2 65 CT TiN 
M2 18.9 16.4 18.6 20.6   15.9        
CI 20.2 17.8 18.9 18.9 18.8 17.2         
Stellite 100 21.4 22.1 23.0 19.3  20.1 17.9        
TiN              17.8 
SCM 24.9 15.4 20.0 20.0 19.0 16.5 12.1 7.6 5.5 17.1 14.0 17.7 22.4 16.8 
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Fig. 4.14 Average measured mass loss for wear pads when run with wipers as indicated. 
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Fig. 4.15 Average measured mass loss for wipers when run with wear pads as indicated. 
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Fig. 4.16 Temperature rise measured for the wiper and wear pad material combinations tested.  Values given are average values 
for the last 10 data points for each test run.  Data logging frequency 0.1 Hz. 
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Table 4.19 Product of combined wiper and pad mass loss and temperature (g.oC) rise for the wiper and wear pad materials tested.  
 
Pad Material 
Wiper Material O1 S390 K190 D2 M2 63 M2 65 Stellite 100 O1 CT S390 CT K190 CT D2 CT M2 63 CT M2 65 CT TiN 
M2 0.066 0.030 0.020 0.045   0.024        
CI 0.059 0.050 0.042 0.045 0.045 0.062         
Stellite 100 0.094 0.042 0.032 0.037  0.052 0.032        
TiN              0.011
SCM 0.137 0.051 0.090 0.042 0.067 0.081 0.030 0.043 0.013 0.062 0.029 0.073 0.143 0.055
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4.4 Premature tooth tip failure 
 
Analysis of field failures 
Two field-failed comb teeth were examined using scanning electron microscopy. 
The first fracture surface was so badly degraded through continued use after 
failure and poor handling and storage that little useful information was collected.  
The second tooth examined from Lyons and Mackenzie M2 comb numbered A1-
30 showed that the fracture may have initiated near the surface of the tip at a 
region containing a collection of particles high in vanadium, molybdenum and 
tungsten.  Refer photographs 4.7, 4.8 and 4.9 and fig. 4.19.  The particles were 
most likely carbides of the form MC and M6C.  In the plane of view, these particles 
occupied a total area of approximately 10μm X 32μm (see photograph 4.9). 
 
Photograph 4.7 Secondary electron image of fracture surface, field failure of Lyons 
and Mackenzie AISI M2 comb numbered A1-30, tooth 8.  Scale bar indicates 
100μm. White arrow (A) indicates possible site of crack initiation. Lower edge 
exhibited a shear lip (B) running almost the full length, indicating that crack had 
propagated from the opposite edge. 
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Photograph 4.8 Secondary electron image of probable fracture initiation site of 
tooth shown in photograph 4.7.  Scale bar indicates 10μm. 
 
 
 
 
Photograph 4.9 Back scattered electron image.  Same view as photograph 4.8.  
EDS X-ray spectrum for aggregation of particles in central top portion of view 
(circled) given in fig. 4.18. 
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Fig. 4.18 EDS x-ray spectrum (10 kV) for aggregation of particles shown in 
photograph 4.9.    
 
 
Static tooth tip testing
Static bend testing of the comb teeth tips resulted in high calculated bend 
strengths for the two different types of material tested.  The static loads required to 
break the tooth tips tested are given in table 4.20.  To calculate the extreme fibre 
stress due to bending, the individual teeth were treated as cantilevered beams of 
trapezoidal cross section, requiring that the radius of the narrowest portion of the 
tooth be neglected.  The simplified tooth section was taken to be as per the sketch 
in fig. 4.19. 
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Fig. 4.19 Simplified comb tooth cross section for purposes of calculating second 
moment of area at fracture plane (description of symbols used in equation 4.1). 
 
 
The second moment of area was calculated as: 
 
 
 
( ) ( ) ( ) ( ) ([ ]222322332232244 43333236 cbcbacbccbbacbccbbacbbccbcbdI m +++−−++−−+−++++= )
 
(Eqn. 4.1) 
 
(Roark & Young, 1986) 
 
 
The mass of the tooth tip holder was 46.2g.  The centroid of mass for the tooth tip 
holder was taken to be midway along its length.  The overall length of the tooth tip 
holder was 100mm.  In calculating the experimental bending stress, allowance 
was made for the length of engagement of the tooth tip in the holder and the 
foreshortening of the moment arm due to rotational translation with the application 
of load. 
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Table 4.20 Calculated extreme fibre stress for tooth tips subject to static bending 
test.  Lyons and Mackenzie comb numbered A1-10, 60 HRc, AISI M2 high speed 
steel with softened tooth tips.  Botany Bay Longreach comb was a commercial 
comb, used in the as-supplied condition, numbered #10 for identification. Lyons 
and Mackenzie comb #8, 63 HRc, AISI M2 high speed steel. 
tooth thickness (mm)Comb 
description Tooth No. 
applied 
mass (g) 
bending moment 
(N.mm) 
‘b’ ‘c’ 
depth of 
tooth ‘d’(mm) 
second moment
of area (mm4) 
σ max 
(N.mm-2)
 
7 211.3 202.1 0.52 0.25 1.70 0.009078 5789 
9 161.1 158.9 0.46 0.27 1.42 0.006144 5947 
10 255.1 239.9 0.56 0.29 1.70 0.011972 5611 
11 211.4 202.2 0.55 0.36 1.38 0.011305 4919 
Lyons & 
Mackenzie 
 A1-10, AISI M2 
with softened 
tooth tips. 
12 262.7 246.4 0.62 0.28 1.66 0.014405 5304 
10 98.6 104.9 0.45 0.19 1.86 0.005917 3989 
9 154.7 153.3 0.49 0.21 2.05 0.008496 4420 
8 165.0 162.2 0.48 0.22 2.18 0.008864 4393 
Botany Bay 
Longreach #10, 
standard, 
commercial 
comb. 7 129.7 131.8 0.49 0.21 2.03 0.008414 3838 
12 248.7 234.4 0.56 0.17 2.11 0.010991 5972 
11 198.8 191.4 0.53 0.15 1.92 0.008252 6146 
10 175.3 171.1 0.58 0.09 1.81 0.008704 5700 
Lyons & 
Mackenzie  #8, 
AISI M2 with as- 
quenched and 
tempered tooth 
tips. 9 185.4 179.8 0.53 0.17 1.81 0.008177 5826 
 
Finite element modelling of the static bend test produced the expected deformed 
shape shown in fig. 4.20 and the expected stress distribution shown in fig. 4.21. 
 
Fig. 4.20 FEA-predicted deflection of tooth 12 of comb numbered A1-10 at 
maximum load applied during static bend test.  Maximum predicted vertical 
displacement 0.8mm. 
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Fig. 4.21 FEA-predicted stress distribution (Von Mises) for tooth tip 12 of comb 
numbered A1-10, at maximum load applied during static bending test.  Stress 
given in N.mm-2. 
 
 
Despite the difficulty in measuring the actual profile of the broken tooth number 12 
of Lyons and Mackenzie comb number A1-10, the FEA-predicted extreme fibre 
stress and the calculated values agree quite well.  The experimentally determined 
values are about 10% higher than published bend strength values for similar high 
speed steels.  Hoyle, 1988, and Hackl et al, 1997, both quote maximum bend 
strengths of approximately 4800 N.mm-2 for M2-type high speed steel.      
 
Dynamic tooth tip testing 
The results for the dynamic tooth tip testing are given in table 4.21.   Most of the 
tooth tips tested lasted for extended periods, with some of the high speed steel 
tips surviving more than 200,000 cycles at ±30N.  In general, the high speed steel 
tooth tips had greater endurance than those of the commercially available comb 
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made of high carbon, low alloy steel (Heiniger Pro). SEM micrographs 
(photographs 4.10 to 4.12) indicated that the two high speed steel tooth tips that 
failed at the lowest number of cycles contained surface defects that lead to failure.  
In the case of tooth number 7 of comb number 8, the surface defect was in the 
form of a scratch approximately 200μm long and 5μm deep.  The scratch appears 
to be a manufacturing artefact.  Tooth number 6 of comb A1-30 contained a small 
semi-elliptical crack approximately 40μm long X 15μm deep.  The cause of the 
crack is not certain. 
 
 
Table 4.21 Results of dynamic tooth tip testing.  All tests conducted at 40Hz and 
sufficient deflection to impose a reverse bending sideways load as indicated on 
the tooth tip being tested.   
Comb description Tooth number 
Reverse 
bending load 
applied (N) 
Cycles to failure 
7 30 84,000 – no failure 
9 30 51,000 
10 30 39,000 
11 30 115,000 – no failure 
5 50 13,000 
6 50 7,000 
Lyons & Mackenzie M2 
60 comb numbered A1-30 
12 50 29,000 
2 30 42,000 
3 30 206,000 – no failure 
6 30 206,000 – no failure 
7 50 7,000 
Lyons & Mackenzie M2 
63 comb numbered 8 
8 50 23,000 
4 30 38,000 
5 30 12,000 
6 30 18,000 
10 30 26,000 
11 30 58,000 
Heiniger Pro, as supplied, 
commercial comb 
3 50 2,000 
 
 
   97
                                                                                                                                                        
Photograph 4.10 Secondary electron image, fracture surface of M2 60 comb A1-
30, tooth 6.  Fracture initiation site indicated by arrow.  Failure initiated from crack 
40μm long X 15μm deep.  Scale bar indicates 100μm.                                                                    
 
 
 
 
Photograph 4.11 Secondary electron image, fracture surface of Lyons and 
Mackenzie M2 63 comb numbered 8, tooth 7.  Fracture initiation site indicated by 
arrow at lower right portion of view.  Failure initiated from a processing scratch 
200μm long X 5μm deep.  Scale bar indicates 100μm (refer also photograph 4.12). 
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Photograph 4.12 Secondary electron image, fracture surface of Lyons and 
Mackenzie M2 63 comb numbered 8, tooth 7.  Fracture initiating surface scratch 
indicated by arrow.  Scale bar indicates 10μm (refer also photograph 4.11). 
 
 
 
Metallography of conventional M2 high speed steel and S390 comb sections 
contrasted the difference in microstructures.  Despite Böhler’s use of cross rolling 
in manufacture of the M2 sheet from which the test combs were made, banding of 
primary carbides was present.  Primary carbide shape was angular with the largest 
size observed approximately 20μm.  The S390 powder metallurgy high speed 
steel contained a fine, uniform dispersion of spheroidal carbides, typically of a few 
microns in diameter.  A taper section of a tooth tip taken from comb A1-10 
revealed a polishing white layer approximately 2.5μm thick. Refer photographs 
4.13 to 4.15. 
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Photograph 4.13 M2 high speed steel comb (A1-10) section.  6% Nital etch.  
Angular primary carbides in a martensitic matrix. 
 
 
 
 
Photograph 4.14 Section of S390 powder metallurgy high speed steel comb.  6% 
Nital etch.  Finely dispersed spheroidal primary carbides in martensitic matrix.  
Compare with microstructure in photograph 4.13. 
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Photograph 4.15 M2 high speed steel comb tooth tip taper section (1:8).  6% Nital 
etch.  Light coloured band on right “white layer” (approximately 2.5mm thick) 
resulting from buffing during manufacture. 
 
 
 
4.5 Wool ash testing 
 
EDS indicated that the sample of wool ash taken from the Australian Wool Testing 
Authority laboratory contained a large amount of siliceous material (fig. 4.22). 
Fig. 4.22 EDS spectra (10kV) for wool ash taken from the Australian Wool Testing 
Authority laboratory, Kensington.  Note the high rate recorded for silicon. Sample 
gold coated prior to analysis. 
 
The hand-prepared and scoured sample of wool did not contain significant 
amounts of siliceous material (fig. 4.23).  The bundle of fibres used for the hand 
prepared sample was only inspected visually.  It is quite likely that there was still 
 
   101
extraneous matter adhering to the surface of these fibres even after inspection and 
scouring.  This would explain the presence of low intensity Kα radiation for silicon 
in this sample.  Had the wool fibres themselves been capable of housing silica or 
alumino silicates, the intensities of Si Kα radiation in the spectra shown in figs. 
4.22 and 4.23 would be expected to be similar.  Cu Zn and Fe radiation detected 
during EDS analysis is most probably scattered radiation from inside the sample 
chamber. 
 
 
Fig. 4.23 EDS spectra (10kV) obtained for hand-scoured wool sample. Note low 
intensity recorded for silicon. 
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5. DISCUSSION 
 
5.1 Field testing 
 
Effect of ground surface finish  
Variations in the surface finish of the ground face of the shearing comb did not 
appear to have a significant impact on the observed burst length of the comb.  The 
relatively rough finish of 1.7μm Ra produced by the conventional grinding process 
shore a similar number of sheep as the relatively smooth finish of 0.4μm Ra 
produced by lapping.   The work done at Hillside and Mooramong indicates that 
variations in surface finish between the levels investigated does not have a 
bearing on the amount of edge rounding sustained by shearing combs during 
service.  Even though the average edge rounding determined for the three 
different surface preparation techniques ranged from 6 to 8 μm (table 4.7), the 
accuracy of the test needs to be taken into consideration.  With an estimated 
accuracy of approximately 10% of the reading, the calculated averages of 6, 7 and 
8μm for the three different techniques could have been taken from the same 
population.  Dividing the average degree of edge rounding by the number of sheep 
shorn gives a rounding/sheep of 0.5μm per sheep (table 4.7).  This figure was 
universal for the three surface preparation techniques used at Hillside. 
 
The relative burst lengths of the three surface preparation techniques used at 
Hillside initially appear to be different, with the average burst length ranging from 
16.8 sheep for the lapped combs to 12.3 sheep for the standard grind combs 
(table 4.8).  At the 95% confidence level, there is a difference between the means, 
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but not at the 99% confidence level.  The total sample size of 13 comb replicates 
and 191 sheep was relatively small, rendering decision-making on this basis 
uncertain.   
 
The amount of material worn from the ground face of the comb and cutter was an 
unexpected observation.  The load is applied to the cutter approximately half-way 
along the cutter tooth.  By visual observation, the cutters appeared to wear more 
than the comb.  For the comb and cutter to wear sufficiently to allow up to a 76μm 
feeler gauge to enter under the heel of the cutter, the combined loss of thickness 
of the comb and cutter in the tip region must be of the same order as the size of 
the feeler gauge admitted (fig. 5.1) 
gauge.
Gap admitting feelerCombined comb and cutter ground
face wear.
Load applied through yoke Cutter
Comb
Fig. 5.1 Showing the approximate relationship between combined comb and cutter 
wear and gap at heel of cutter.  Dashed lines represent surfaces before wearing. 
 
By reference to fig. 5.1, it can be seen that the type of wear shown will reduce the 
stability of the cutter on the comb.  The aft-most contact point for the cutter has 
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shifted forward from the heel of the cutter to a point approximately half-way 
between the heel and the tip of the cutter.  This will make lifting of the cutter teeth 
easier and could lead to the cessation of cutting. 
 
Temperature measurement 
Ideally, comb temperatures would have been measured during operation.  The 
possibility of doing this was explored.  Non-contact measurement would have 
been preferable, as it would overcome the necessity of fixing thermocouples or 
other temperature measuring devices to the comb.  Two factors prevented this 
from being done.  The first factor was the response time of most commercially 
available infra red detectors typically being in the order of 0.1 second.  If the 
detector were to measure the comb temperature it would need a response time of 
less than half the period of one cutter cycle (ie. t< 0.009 secs).  The second factor 
relates to the operating environment. During shearing, the comb is covered in 
wool.  If non-contact measurement were to be used, it would only yield results 
when the comb emerged from the fleece at the end of each blow. Uncertainty of 
knowing exactly what was in the target area (ie. fleece, comb or cutter) coupled 
with changes in surface emissivity as a result of wear and grease deposition, 
would have made non-contact temperature measurement intrinsically inaccurate.   
 
Hard-wiring a thermocouple, thermistor or temperature measuring IC to the comb 
was not an option, as the necessary lead wires inhibit the ability of the shearer to 
manipulate the handpiece during use.  It is normal practice for the shearer to allow 
the handpiece to make a complete turn about its axis during its repositioning in 
their hand. 
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The technique chosen of measuring the comb temperature at the end of each 
sheep was a workable compromise. The rate of temperature fall was 
approximately 10oC per minute.  On most occasions, the measurement was made 
within 10 seconds of the completion of shearing, so that the error between the 
actual and measured temperature was less than 2oC.  When considering the 
actual operating temperatures, this may need to be taken into consideration. 
 
The ANOVA analysis of the end-of-shearing temperatures measured at Roxby 
Park indicated that there was a statistically significant difference in the end of 
shearing temperatures recorded for some groups of materials.  Compared with the 
control combs (Botany Bay Longreach), the M2 57, M2 63 and Calmax combs all 
exhibited lower end of shearing temperatures.  However, it could be argued that 
while, statistically the 3 or 4oC temperature difference is significant, to the shearer 
such a small temperature rise difference would hardly be noticed.  
 
Handpiece plunge and feeler gauge test at Roxby Park 
As previously noted, the handpiece “plunge test” results depended largely on the 
contact load applied between comb and cutter.  As such, it was not a good 
indicator of the cause of comb/cutter pairs ceasing cutting.  It did, however, 
indicate that there was not one individual tooth or group of teeth more prone to 
ceasing cutting before the others (table 4.12). 
 
The “feeler gauge test” again illustrated the extent of wear that can be sustained 
by a comb/cutter pair.  The figures given in table 4.13 do not give an entirely 
accurate picture of the extent of wear sustained by the couple.  During the trial, it 
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was normal practice for the shearer to change cutters between two and four times 
before the comb was deemed to be no longer fit for service.  The feeler gauge test 
was then performed on the last cutter mated with the comb.  This cutter may have 
only shorn several sheep or it may have already shorn quite a number.  As a field 
test, the feeler gauge test gives an indication of the approximate order of 
magnitude sustained by combs and cutters as a pair, but it does not distinguish 
between comb wear and cutter wear.  Because of this, no quantitative conclusions 
can be drawn from this test.   It would have been preferable to examine each 
comb/cutter pair on the handpiece and before removal or readjustment.  To do this 
would have required the purchasing of a number of new handpieces, at significant 
expense, to provide a complement of changeover units.  Even if this had been 
done, there would have been no guarantee that the shearers would have been 
agreeable to using the new handpieces.  The usual arguments that “The new 
handpiece is not cutting as well my old one,” or “I prefer my own handpiece, I’ll 
give the new one another try later,” would no doubt have surfaced. 
 
Relative life of combs in terms of “burst length”
In the trial conducted at Roxby Park, the combs that recorded the longest burst 
length were the M2 63 type.  The H13 combs recorded the shortest mean burst 
length.  All of the means are characterised by large standard deviations.  
Occasionally, a comb would shear an unexpectedly high number of sheep before 
needing sharpening, as in the case of the Botany Bay Longreach comb that shore 
89 in one burst.  At other times, the tally was unexpectedly low, with the lowest 
tally of four also being recorded for a Botany Bay Longreach comb.  The reasons 
for this amount of variation are not clear, but may be related to environmental 
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factors.  The highest tally for these combs was recorded during the first two days 
of the trial when the fleeces appeared to contain less dirt than the last two days, 
when the lowest tally was recorded.  Human factors (personal preference, 
handpiece adjustment or shearing style) and ground surface profile may also have 
had a bearing on the outcome.  There was no indication that one shearer had a 
different mean burst length to the others. The results recorded in table 4.14 are 
summarised in fig. 5.2. 
 
The ideal comb would have a long mean burst length and a small standard 
deviation, indicating long and predictable operation between sharpening and low 
material removal required for refurbishment of the ground surface. 
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Fig. 5.2 Mean burst lengths for each comb material group (error bars indicate 
range of tallies recorded). 
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Relative life of combs in terms of “attrition” 
It was thought that the combined amounts of material lost through wear (wear 
attrition) and material lost through grinding to restore edges (grinding attrition) 
expressed as a function of time may act as a predictor of the life of the comb.  It 
was hoped that this would correct for the effects of animal size (eg. lambs vs. 
wethers) and difficulty in shearing (eg. “sticky ewes” vs. free-combing cross bred 
wethers).  To test this hypothesis, the attrition rate for the range of comb materials 
was calculated and tabulated in table 5.1.  The attrition rate is defined as: 
                               (mass lost through wear + mass lost through grinding)
attrition rate =                                        run time 
 
Table 5.1 Metal attrition relative to time (mg/min).  
Botany Bay 
Longreach H13 Calmax M2 63 M2 57 
4 4 1 3 3 
1 10 3 3* 2 
2 2* 10* 2* 3 
7 4 1 1 1 
 2* 7* 2* 4* 
 8 7* 1 1* 
  8*  8* 
    8* 
     
4 5 5 2 4 average 
2.6 3.3 3.6 0.9 2.8 std. deviation
Note: figures with a * indicate results taken on 16/12/99 and 17/12/99 under “gritty” 
conditions. 
 
 
Again, the large standard deviations are confounding, making it difficult to draw 
meaningful conclusions.  From table 5.1, it appears that the M2 63 combs exhibit a 
lower attrition rate than the other materials.  The results given in table 5.1 are for 
the duration of the trial.  If the values recorded under “gritty” conditions are 
removed, then the M2 63 results do not change significantly.  However, the other 
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results do.  The Calmax attrition rate reduces, while the H13 attrition rate 
increases.   
 
The cause of the variation measured is not clear.  It may simply be random 
variation or it could be that the cutting system is operating in a threshold situation 
with a small change in any of a number of variables resulting in a large change in 
the observed outcome.  The M2 63 material offers an advantage over the other 
materials in terms of reduced attrition.  
 
By reference to appendix 9.3, it can be seen that the wear attrition expressed as a 
percentage by weight of grinding attrition varies approximately over the range of 
0.25% to 1%.   The recorded wear attrition of the combs was possibly not 
sufficiently accurate.  It is difficult to clean thoroughly and weigh combs to 
milligram accuracy in a shearing shed.  If the specific gravity of wool grease is 
taken as 1, then a 1.5mm diameter sphere of this material will weigh about 2mg.  
This is the same order of magnitude as the attrition measured due to wear.  It 
would be easy to overlook such a small quantity of this material during the 
cleaning operation, causing a large error in the apparent attrition due to wear.  
 
The original thickness and the “attrition rate” determine the useful life of a comb.  If 
the rate of wear was constant, then plotting attrition rate against run time should 
produce a horizontal line.  The line fitted to data in fig. 5.3 is not a good fit because 
of the scatter in the results (R2=0.6).  It does, however, indicate that the rate of 
wear is not constant and that it reduces with increased running time.  This is 
typical of “diminishing wear rate” behaviour (Dorison & Ludima, 1985). This is 
important when testing potential life of combs.  If combs are frequently given a 
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“light grind” to “bring up the edges”, the overall life of the comb will be reduced 
relative to those combs that are allowed to run longer and only ground when 
necessary.      
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Fig. 5.3 Total comb attrition rate versus comb run time for a range of comb 
materials. 
 
 
 
Edge rounding measurement 
The edge rounding measurement results should be considered an estimate rather 
than an absolute measure. Some averaging must be done by the operator when 
taking readings as the radius is generally not uniform and its end point must be 
estimated.  Plotting estimated edge rounding against the running time for all of the 
combs shows a large spread in the results (see fig. 5.4). However, if the results 
are split into those obtained for the first two days of the trial and those obtained for 
the last two days, the scatter is reduced, as shown in figs. 5.5 and 5.6 following. 
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Fig. 5.4 Estimated edge rounding vs. running time for all of the materials over the 
full length of the trial. 
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Fig. 5.5 Estimated edge rounding vs. run time for the first two days of the trial. 
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Fig. 5.6 Estimated edge rounding vs. run time for the last two days of the trial. 
 
 
 
It is not possible for the edge rounding of comb or cutter teeth to occur as a result 
of the rubbing of essentially two planar surfaces together.  Some mechanical 
distortion would be expected to occur due to the contact load applied.  However, 
for the cutter to produce the uniform radii observed on worn comb teeth (refer 
photographs 3.1 and 3.2) would require the cutter teeth to slide up the rake face of 
the comb teeth and around the edge.    On this basis, the edge rounding observed 
must be due to abrasion of the cutting elements, either by wool or dirt particles 
carried in the fleece.   
 
Comparing figs. 5.5 and 5.6, it can be seen that the rate of edge rounding 
increased on the last two days of the trial, presumably because of additional 
abrasive matter in the wool.  It is interesting to note that within the groups of first 
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two and last two days, the rate of edge rounding is approximately the same for all 
of the materials tested.  If the abrading material was significantly harder than the 
comb materials - for example quartz at approximately 1250 VHN (Flinn & Trojan, 
1975) compared to the test comb hardness range of nominally 610 to 770 VHN - 
comparatively small changes in comb hardness over the range tested would be 
expected to show little change to the resistance to abrasion.  
 
 
Comb tooth wear step height 
 The spread in results recorded for the wear step in comb teeth was large, making 
the drawing of statistically based conclusions difficult (fig. 4.1).  It is interesting to 
compare, however, the wear observed for the standard combs (Botany Bay 
Longreach) with that for the high speed steel (M2 combs).  Even though the 
hardness of the M2 57 comb was less than that of the standard comb, (57HRc 
compared with 62HRc – table 3.1), the amount of wear recorded was about half. 
The MC and M6C carbides found in hardened and tempered high speed steels 
would have conferred a higher degree of rubbing wear resistance than the 
tempered martensite expected to be found in the high carbon, low alloy steel of the 
standard comb.  This is due to the high hardness and resistance to softening at 
elevated temperatures of the carbides  (Hoyle, 1988). 
 
Wear of cutters 
Fig. 4.2 shows that the average cutter wear rate recorded for cutters run on the 
standard combs was the lowest out of all of the materials.  There is, however, a 
large spread of results in all of the groups listed.  This spread is probably not due 
to experimental error, as it is common to all of the groups listed.  Removing the 
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results for the last two days of the trial makes no difference to the spread in the 
results, so it is unlikely that this phenomena is related to the amount of grit in the 
fleece.  It may be due to a breakdown in the lubrication of the cutting pair, which in 
turn could be related to surface preparation of the cutting pair or the degree of 
lubrication offered by individual fleeces.  Taking out the results obtained for 
specific sheep types has little impact on the spread of results given.   
 
The difference in means may be related to material strength.  Presumably, the 
strength of the fairly highly alloyed H13, Calmax and M2 would be greater than 
that of the standard comb (no figures were available for the comb material). 
Adhesive wear by fracture of welded asperities formed as a result of relative 
movement would occur predominantly in the weaker of the two rubbing materials.  
This could account for the apparent lower rate of cutter wear when run on the 
Botany Bay Longreach comb. 
 
Ground Surface Roughness 
The as-ground surface of the combs illustrated in photographs 4.2 and 4.3 are a 
result of the coarse abrasive used for sharpening.  The surface produced by the 
“industry standard” grinding operation is a roughly parallel array of furrows and 
associated fins.  Combs and cutters are poorly supported during essentially a 
hand grinding operation.  The coarse abrasive used is necessary to achieve 
adequate metal removal rate without the application of load sufficient to cause 
gross distortion of what amounts to a thin plate.  Typical comb thicknesses range 
between 3.3mm (new) to 2mm (worn out), with an ideal surface profile ranging 
from flat to 40μm concave (Field, 1994). 
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After use, the as-ground ploughed surface is completely altered, with the deep 
furrows and associated fins being replaced in the high contact stress areas by fine 
rub marks running in the direction of cutter travel.  No evidence of localised 
welding was observed.  This is not surprising, as the frequency of movement of 
the cutter over the comb is so high that any small adhering particles would soon 
be dislodged.  The transition from relatively rough surface to relatively smooth 
would explain the diminishing wear rate plotted in fig. 5.3.  If this were the case, 
then a surfacing technique that produced a lower surface roughness should also 
result in a lower initial attrition rate for shearing combs, providing the contact 
surfaces were suitably profiled.   
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Role of hard abrasive material in wearing of combs and cutters 
The role of hard abrasive material in wearing of combs and cutters is difficult to 
quantify due to the expected variability of the following factors: 
• Differences in abrasive material hardness, morphology and prevalence due to 
geographic variations. 
• Variation in abrasive material concentration in the fleece at the plane of cutting 
resulting from farming practices and seasonal conditions (see photograph 5.1). 
• Variations in fleece grease levels and their ability to lubricate. 
 
The role of abrasive material in increasing wear rate, however, is apparent when 
considering figs. 5.5 and 5.6.  For extended run times, the amount of edge 
rounding recorded under the more gritty conditions almost doubled.  The likelihood 
of three-body abrasion taking place as a result of the increased presence of dirt 
would also have increased, explaining the reduced burst length for most of the 
combs on the last two days of the trial. The presence of embedded hard particles, 
probably quartz, was confirmed by scanning electron microscopy and EDS 
(photographs 4.4 and 4.5) and the damage inflicted by impact of hard particles in 
photograph 4.6.  
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Photograph 5.1 Fleece wool showing darkening towards the fibre tips due to a 
combination of suint and dirt.  Dirt concentration diminishes towards the fibre 
roots, but individual particles are still visually observable on close examination. 
 
 
5.2 Laboratory work 
 
Reasons for cessation of cutting 
The rationale for using the necessary contact load between comb and cutter as a 
measure of the pair’s ability to cut was based on the observation that when cutting 
ceases or is about to cease due to wear, small amounts of wool are usually found 
trapped inside the cutter, indicating that the pair have separated sufficiently to 
allow entry of wool.   As the cutting effectiveness is reduced, it is normal for the 
shearer to apply increasing load to maintain cutting.  Unless the comb and/or 
cutter is changed, a point is eventually reached where the torque reaction or the 
heat generated by the increased contact load is sufficient to make shearing so 
difficult as to force the shearer to stop and make the necessary change.  As such, 
while the cues for changing cutting elements are either related to torque or heat 
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generation, the main cause of the changes in both of these cues is the comb/cutter 
contact load.   Field gives the mean friction power consumption for a handpiece as 
92W and cutting consumption as 37W, indicating that frictional losses are more 
significant than the energy used for cutting.  Hence, small proportional changes in 
friction would account for a larger increase in torque required than would small 
proportional changes in cutting energy (Field, 1994). 
 
The work done on the contact force required for cutting elements with rounded 
edges and cambered contact faces indicates that the reason for the cessation of 
cutting of combs and cutters is probably not due to blunting of the cutting edges as 
assumed by other workers (Smith & Hindle, 1979, Watkins, 1995).  Edge rounding 
alone sufficient to cause a doubling in necessary contact load was in excess of 
120μm.  This is twice the maximum value recorded for any of the combs used in 
the Roxby Park trials (an example of the data recorded at Roxby Park is given in 
appendix 9.3) and nine times the maximum value recorded during the Hillside 
trials (table 4.6).   
 
By contrast to edge rounding, small changes in the degree of tooth cambering 
produced a large increase in the necessary contact load, with camber of more 
than 6μm making cutting very difficult.  This amount of camber is of the same 
order recorded during the Roxby trials (maximum camber recorded was 8μm).  It is 
unlikely that cessation of cutting is solely due to one cause.  It is most likely due to 
a combination of lack of surface flatness and edge rounding, with lack of surface 
flatness having the greatest influence.  
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Laboratory wear testing 
The influence of variables has already been discussed in section 4.3.  It is 
unfortunate that there was such variation in the recorded temperature rise and 
mass loss during the laboratory wear testing, but in reviewing the available 
literature, this seems to be fairly typical of wear testing.   
 
Variations in the applied contact load affected the amount of material lost due to 
wear for all of the material couples tested (fig. 4.8).  For all but the M2 63 wear 
pad/SCM wiper pair, the variation in mass lost due to wear generally followed the 
Archard law (Archard, 1980).   
 
The amount of lubricant (kerosene) necessary to control temperature rise in the 
test configuration without introduced third bodies is apparently quite small.  A 
single application of one drop (approximately 0.04mL) of kerosene controlled the 
wearing element temperature for more than a minute (fig. 3.8).  The application 
rates chosen for the standard test conditions were obviously well in excess of the 
minimum required, but enabled reliable regulation of the flow of kerosene with the 
rudimentary equipment available.   It is not clear whether the kerosene was acting 
as a lubricant or a heat dissipant.  Archard quotes values of K for heat-treated 
52100 steel rubbing on itself of 1.0 x 10-3 for unlubricated and 3.2 x 10-7 for 
lubrication with paraffinic oil (Archard, 1980).  If the sliding distance for a 10-
minute test is taken to be 19 x 2 x 54 x 60 x 10 = 1.2 x 106 mm, contact load 20N 
and density 0.0078 g.mm-3 (Assab, 1997), then according to Archard’s law, the 
expected wear volume for the unlubricated condition is: 
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The expected mass loss due to wear for the lubricated condition: 
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The actual measured mass loss given in fig. 4.9 varied between 0.0002 and 
0.0004g.  However, Archard does not indicate what form of test was used to 
determine the values of K given.  The difference between the expected and 
observed values may be due to fundamental differences in the testing method.  If 
Archard’s constants were determined using a pin on disc test, the rubbing velocity 
would have been constant throughout the test, making hydrodynamic lubrication 
more probable.  In the laboratory wear test used in this investigation, 
hydrodynamic lubrication is possible during the part of the test where the relative 
velocity is greatest, but with each sweep of the cutter there will be a transition to 
boundary lubrication with possible severe wear near the start and end of each 
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sweep.  This could account for the difference in the expected and observed rates 
of wear. 
 
The effectiveness of three-body wear as a wear mechanism is demonstrated by 
fig. 4.12.  The addition of 10mg/min of grit increasing the amount of wear 
sustained in a 10-minute test of SCM wiper on 01 pad from 0.3mg to 3.7mg.  The 
wear rate increased to 6mg in 10 minutes with 25mg/min of grit. 
 
It was expected that the recorded temperature rise would increase with increasing 
mass lost due to wear.  This was not the case across the range of materials 
tested.  Although some relationship along these lines appears to exist for the 
01/SCM pair (fig. 4.13), this assumption was confounded by couples such as the 
01CT/SCM couple, which had the second lowest temperature rise - but the highest 
combined mass loss.   
 
Taking the product of the sum of mass losses and the temperature rise produces a 
set of results that should be useful in future decision making.  Maintenance of the 
precise, applied component geometry has been shown to be important in providing 
cutting elements that continue to cut in service.  Hence, low wear rate is necessary 
for extended cutting performance.  Low operating temperature is also important, 
not only for the operating comfort of the shearer, but also for reducing the drag of 
the comb through the fleece.  It has been shown that if the comb temperature 
exceeds 45oC, wool grease begins to accumulate on the underside of the comb, 
providing a high friction surface and choking the comb gullets.  This results in 
increased drag through the wool, in addition to an increased risk of skin cuts to the 
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sheep (Mackenzie, 1994).  Both the TiN/TiN couple and the SCM/S390CT had a 
low mass loss x temperature rise product.  However, in the case of the TiN/TiN 
couple, this was due mainly to the exceptionally low combined mass loss (0.8mg).  
The temperature rise recorded for this couple was similar to many of the other 
couples (17.8oC).  The S390CT/SCM couple had a low combined mass loss 
(2.3mg) coupled with a low temperature rise (5.5 oC). Refer to tables 4.16 to 4.18.   
 
The sub-zero heat treatment temperature used by Cryo-Temper Pty. Ltd. for 
treatment of the sub-zero treated samples was at a higher temperature and for a 
shorter period than expected (-160oC for 6 hours). However, Collins and Dormer 
have shown that treatment temperatures in the range of –130 to –196 oC give 
similar results in terms of improvements to impact and wear resistance for D2  
(Collins & Dormer, 1997).  No references could be found relating wear resistance 
to time at temperature for the range of materials tested.  Collins and Dormer show 
that for D2 steel, time at sub-zero temperature should be in the order of 24 hours 
or more for optimising abrasive wear resistance.    
 
Laboratory wear testing showed little or no improvement in wear resistance for the 
sub-zero treated samples. In some instances (M2 and 01 pads), the wear rate 
increased after sub-zero treatment.  The reason for this is not clear.  It is unlikely 
that this was due to experimental error, as all tests were replicated a number of 
times, over several days, with consistent results.  The observed behaviour was not 
limited to a single material type.  The main benefit associated with sub-zero 
treatment identified in this investigation was that of reduced temperature rise for 
five out of the six sub-zero treated materials tested. 
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Premature tooth tip failure 
The statistical nature of the reported high speed steel tooth tip failures makes 
investigation difficult.  Lyons and Mackenzie have found that about 1 in 10 M2-type 
high speed steel combs exhibit this problem.  However, each comb has 13 teeth, 
meaning that the probability of any tooth tip failing is about 1/130.  The comb tooth 
tips cannot be increased in thickness above the existing value and still be 
acceptable to the shearers.  Several questions still remain unresolved: 
• Where do the loads come from that cause the tips to fail?  Is it a result of 
sideways restraining loads imposed on the comb by the skin and/or fleece of 
the sheep? 
• What causes the crack to initiate and propagate to failure?  Is it related to a 
collection of brittle particles as shown in photograph 4.9, or is it due to 
manufacturing artefacts? 
Static and dynamic tooth tip testing did not reveal any inherent weakness in the 
tips of the M2 high speed steel combs that could account for the field failures.  If 
enough combs were available for destructive testing, it may be possible to find a 
tooth that fails at a low static stress level or relative number of cycles.  Because of 
the relatively infrequent tooth failure rate, it may be that in this work the “right 
tooth” wasn’t tested.   
 
M2 high speed steel possesses high strength and low fracture toughness.  Hackl 
gives a range of K1C for M2 at 63 HRc of 16 to 20 MPa.m1/2 (Hackl et al, 1997).  
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α
Fig. 5.7 Hypothetical, semi-elliptic surface crack in comb tooth. 
 
If we consider the situation where a semi elliptic crack of the shape given in fig. 5.7 
exists in the surface of a comb tooth, Dieter gives the relationship between 
fracture toughness and critical crack size as: 
2
2
1
.21.1 σπ
QKa c
cr
= (Eqn. 5.1) 
 
Where:  Dcr  = critical crack size for rapid failure (m) 
   K1c  =  fracture toughness (MPa.m1/2) 
  Q = A form factor.  For D/2c = 0.5, Q = 2.3  
  σ =  Applied stress (MPa) 
(Dieter, 1976) 
 
Given this information, critical crack size can be plotted against applied stress as 
shown in fig. 5.8. 
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Fig. 5.8 Plot of critical crack size versus applied stress for K1C values of 16 
MPa.m1/2 (lower curve) and 20 MPa.m1/2 (upper curve) for a semi-elliptical surface 
crack as shown in fig. 5.7 with D/2c = 0.5. 
 
 
 
Applying a side load of 30N to the same comb tooth given in fig. 4.20 gives a 
maximum stress of approximately 1400 MPa (fig. 5.9).  
Fig. 5.9 FEA calculated stress (Von Mises) of the tooth given in Fig. 4.20 with a 
30N load applied to end nodes in the “–y” direction (ANSYS software). 
 
Comparing the calculated stress in fig. 5.9 with the data given in fig. 5.8 indicates 
that for a single incident applied load of 30N to cause rapid failure of the tooth tip, 
a crack in excess of 70μm would be critical.  However, if the load is repeatedly 
 126
applied or if the sideways oscillating load of 30N has an additional load 
superimposed on it, the critical crack size is reduced.  If a single incident load of 
20N is applied through the action of the shearer in addition to the sideways 
oscillating load of 30N, the resulting stress is approximately 2350 MPa, and the 
critical crack size for single incident rapid failure is approximately 30μm.  This is 
the same order of magnitude as the aggregation of particles found in one broken 
tooth return from field testing (photograph 4.9).  The carbides present in high 
speed steel are brittle by nature and have been found to be initiation sites for 
cracking (Jeglitsch et al, 1996).  It is likely that they are responsible for the field 
tooth tip failures observed.   
 
All of the comb tooth tips tested dynamically had been buffed to achieve a highly 
polished surface.  Presumably, they had a white surface layer similar to that 
shown in photograph 4.15.  “White layer” is known to be detrimental to fatigue 
(Griffiths & Furze 1987), but no evidence was observed indicating that it is 
responsible for tooth tip failure.   
 
If the use of a highly alloyed steel such as high speed steel is to be considered for 
shearing comb manufacture, then the three most obvious solutions to the problem 
of premature tooth tip failure are: 
 
1. Reduce the stress by increasing section thickness 
2. Use a material with increased toughness 
3. Use a material with minimised internal stress concentrators. 
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Option 1 would not be acceptable to shearers.  Most would prefer even thinner tips 
than are currently standard. 
 
Option 2 may be difficult to achieve.  High hardness is required to resist rapid wear 
of the contact surfaces.  High hardness implies high resistance to plastic 
deformation.  High resistance to plastic deformation (ie. high strength) reduces the 
material’s ability to locally dissipate stress at stress concentrators, resulting in low 
toughness (Dieter 1976).  
 
Using a powder metallurgy steel would satisfy Option 3. Photographs 4.13 and 
4.14 illustrate the difference in primary carbide size and shape when comparing a 
standard M2 type high speed steel with a powder metallurgy high speed steel.  
 
 
Wool ash
Wool ash taken from the Australian Wool Testing Authority’s (AWTA) scour line at 
Kensington, Victoria, contained significant amounts of silicon, probably either as 
silicate or alumino silicate.  The hand-scoured and visually sorted sample from 
Invermay, Victoria, contained almost no silicon.  It is most probable that the AWTA 
ash sample contained dirt that was not removed from the wool fibres during 
scouring.  If dirt was contained within the wool fibres, it would be expected to find a 
similar level of silicon in the ash of the hand-scoured wool sample.   This serves to 
confirm Dr. Heintze’s assertion that “There is nothing in wool other than wool” 
(Heintze, 2000).   
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6.0 FURTHER WORK 
During the course of this work, it became apparent that further work needs to be 
done to refine the wear testing procedure and to further investigate some of the 
outcomes achieved. 
 
 
Wear test unit 
The wear test unit enables potential comb and cutter materials to be tested in 
standardised conditions which are similar to actual operating conditions.  It makes 
use of simple machining geometries and provides objective measurements in 
hours instead of weeks or months, as is the case in field testing.   
 
The main cause of variability in the wear test is the grit dispensing device.  A 
useful refinement and one that would help reduce the scatter in results obtained 
would be an improved grit delivery system.  The present system does not provide 
a well regulated flow of abrasive material to the wearing components with the grit 
tending to cake in the dispenser.  Despite adding some larger quartz pieces (-6 
+4mm) to the dispenser and drying the material frequently, it still tended to cake.  
A system of positively feeding small, measured amounts of grit is required to 
overcome this problem. 
 
Sub-zero thermal treatment   
Some of the temperature rise results achieved for the sub-zero thermally treated 
test pieces (most notably S390/SCM pair) were surprisingly low.  If this effect is 
real, then there is potentially a significant benefit in this.  The effect needs to be 
further investigated to determine the reasons for this and possible ways to 
optimise the effect. 
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7.0 CONCLUSIONS
The major conclusions from the work are listed below under headings that relate to 
the objectives outlined in the introduction. 
 
7.1 Wear of combs and cutters 
Shearing combs and cutters experience three modes of wear during normal use: 
• Wear due to impact as a result of large dirt particles becoming trapped 
between the closing edges of the cutting elements.  Dirt extracted from scour 
liquor contained quartz particles up to 2mm in diameter.  Impact damage 
observed indicates that particles in the +50μm range are primarily responsible 
for this type of wear. 
• Abrasive wear of the sharp cutting edges due to dirt on the surface of the wool 
fibres passing over the cutting edges or being expelled from the contact zone 
during cutting.  This results in a general rounding of the cutting edges and 
increases steadily with time. 
• Three-body wear of the ground faces of the combs and cutters.  The third 
bodies being predominantly micron and sub-micron sized particles entrained in 
the fleece, but not within the wool fibres.  The result is development of non-
planar comb and cutter contact surfaces (cambering) with the departure from 
flatness being greatest near the cutting edges. 
 
7.2 Cause of cessation of cutting 
The cutting action relies on close contact of the cutting elements at the cutting 
edge.   The maximum extent of cutting edge rounding observed during field trials 
was 59μm.  Experimentally, it was determined that edge rounding of approximately 
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120μm is required for a necessary doubling in contact load required to maintain 
cutting.  Because of this, it is unlikely that rounding of the cutting edges is solely 
responsible for cessation of cutting.   
 
It was found experimentally that a separation of the cutting edges in the order of 
6μm, due to non-planar ground surfaces, is sufficient to cause cutting to cease.  
The cause of the cessation of cutting is primarily due to non-planar wear of the 
ground contact faces of the comb and cutter, although edge rounding may also 
contribute.   This non-planar wear is as a direct result of three-body wear of the 
comb and cutter. 
 
7.3 Effect of ground face surface roughness
The surface roughness of the contacting ground faces of the cutting elements may 
have an effect on the cutting ability and burst length of combs and cutters, 
although the effect was not significant at a 95% confidence level.   
 
7.4 Laboratory wear test 
The laboratory wear test developed was used to evaluate a number of different 
material couples.  The material combination that exhibited the lowest total wear 
was TiN coated M2 high speed steel (Böhler S600) running on TiN coated M2 high 
speed steel (Böhler S600).  The material combination that produced the lowest 
wear pad mass loss was the standard cutter material wiper running on a TiN 
coated wear pad.    The material combination that resulted in the lowest 
temperature rise was the standard cutter material wiper running on a sub-zero 
treated S390 (Böhler S390 – powder metallurgy high speed steel) wear pad.  
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Taking the product of the temperature rise and the combined mass loss resulted in 
both the TiN/TiN couple and the sub-zero treated S390/standard cutter material 
couple having the same ranking. 
 
Within some material combination groups, there appears to be an approximately 
linear relationship between temperature rise and mass loss.  This relationship 
does not extend across material combination groups. 
 
The laboratory wear test developed as part of this work proved to be valuable in 
quickly evaluating the relative performance of various possible comb and cutter 
material combinations in conditions which approximate those found in the field.  
With some additional refinement to the grit distribution system, it should prove 
useful in further work. 
 
7.5 Material selection recommendation
The work done indicates that a substantial improvement can be made to shearing 
comb durability from a wear perspective, and functionality with regard to operating 
temperature. 
 
Based on the foregoing, the following material selection recommendations are 
made for shearing combs and cutters: 
 
• For minimum shearing comb wear, a TiN coated comb paired with a standard 
shearing cutter is recommended.  The substrate for the comb should be an 
alloy steel that resists tempering at normal PVD coating temperatures.  
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Conventional high speed steels are not recommended because of the 
possibility of the presence of carbides or agglomerations of carbides sufficient 
to cause premature failure of the tips of the comb teeth.   Powder metallurgy 
alloy steels are recommended.  If combs and cutters are to be made in 
conventional format as opposed to disposable, steels such as Böhler K190 or 
S390 are recommended on the basis that they would continue to provide good 
wear resistance after penetration of the TiN layer. 
 
• For a minimum combined wear of comb and cutter TiN coated comb and cutter 
are recommended.  If the format is to be conventional, in that resharpening 
may be done after penetration of the PVD layer, an M2 cutter and a comb of 
powder metallurgy steel similar to Böhler S390 or K190 are recommended. 
 
• If low temperature rise is required, a comb of sub-zero thermally treated Böhler 
S390 or similar, and a cutter of standard material are recommended. 
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9.0 APPENDICES 
 
9.1 Results of wool dirt and quartz grit particle sizing 
The following particle sizing results were obtained using a “Mastersizer 2000” laser 
particle sizer. 
Figure 9.1 Laser particle sizer output for sample of wool dirt extracted from scour 
liquor. 
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Figure 9.2 Laser particle sizer output for sample of #300 Steetley Minerals quartz. 
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9.2 Material compositions 
Table 9.1 Material compositions 
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Notes to table 9.1 
Source of information: 
1. Wegst, 1989 
2. Böhler, 1995 
3. Deloro Stellite, 2000 
4. Assab, 1997 
5. Spectrographic analysis (* - Carbon content analysis not reliable for non-chill- 
cast, cast iron spectrographic samples) 
 
  
comb number:11 
Comb type: M2 57
shearer: Darren
Comb run Temps. No.  sheep Mean edge Mean tip Weight loss Weight loss Weight loss Cutter wear weight Feeler Gauge test Plunge test fail
Date Sheep type time (mins)  (C) shorn rad. (um) step (um) wear (mg) grind (mg) tot/time (mg/min) Cutter type loss/time (mg/min) gauge passing (um) @ tooth tips
16/12/99 m. ewes na 25
(uncrutched) 50
na
na
55
58
64
68
70 9 0.7
76 32
70
na
68
62
78
66
61
na
76
na
63
63
63 14 0.2
62 d20
72
na
67
62
59
65
70
73 9 2.4
60 d21
71
73
66
70
67
67
77
72
70
71
86 12 na
61 1 diamond na
55 diamond
na 2 na
79 tot. 47 31 1 3 66 1 38 t1,t2,t3,t4
9.3 E
xam
ple of data recording sheet used for R
oxby trial
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145
comb number: 3
Comb type: M2 63
shearer: Darren
Comb run Temps. No.  sheep Mean edge Mean tip Weight loss Weight loss Weight loss Cutter wear weight Feeler Gauge test Plunge test fail
Date Sheep type time (mins)  (C) shorn rad. (um) step (um) wear (mg) grind (mg) tot/time (mg/min) Cutter type loss/time (mg/min) gauge passing (um) @ tooth tips
14-Dec m.ewes 70 d10diamond
72
na
75
79
77
75
72
80
79
78
69
68
83
69
lambs 85
73
80
na
78
82
75
68
69
77
87
81
83
80
85
83
na
69 33 0.7
70 d11diamond
58
na
73
75
65
na
75
70
72
9.3 E
xam
ple of data recording sheet used for R
oxby trial (continued)
na
71
na
  
comb number: 3 (continued from previous page)
Comb type: M2 63
shearer: Darren
Comb run Temps. No.  sheep Mean edge Mean tip Weight loss Weight loss Weight loss Cutter wear weight Feeler Gauge test Plunge test fail
Date Sheep type time (mins)  (C) shorn rad. (um) step (um) wear (mg) grind (mg) tot/time (mg/min) Cutter type loss/time (mg/min) gauge passing (um) @ tooth tips
69
75
75
na
73 18 1.2
57 d12diamond
na
62
67
58
na
62
60
67
71
74
65
61
65
68
63 16 1.2
66 d15diamond
66
66
na
67
68
66
72
70
74
73
65 12 1.4
214 tot 79 32 1 3 339 2 50 t1,t2,t3,t4
9.3 E
xam
ple of data recording sheet used for R
oxby trial (continued)
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